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Abstract
This thesis is concerned with the synthesis of ID nanomaterials via a template-assisted 
route. Porous anodic aluminium oxide templates prepared electrochemically have been 
utilised with two intrinsically different deposition techniques, sol-gel and high power 
pulsed magnetron sputtering (HPPMS), to obtain ID metal and metal oxide nano wires and 
nanotubes. The resultant morphologies and crystal structures were examined via SEM, 
XPS, XRD, TEM and EELS.
A number o f porous template alumina structures have been grown via the 
anodisation of pure and sputtered aluminium. The effects of surface pre-treatments, etching 
treatments and anodisation conditions on the resultant morphologies were investigated. It 
has been found that pore growth is largely dependent on the surface roughness of the 
substrate as well as the anodisation conditions. The anodisation duration is critical in 
promoting and allowing self-ordering. Obtained templates, varied in thickness from a few 
hundred nm to several tens o f pm, with an average pore diameter o f 70 nm, interpore 
distance of 100 nm and pore density o f 4 x 10^  ^cm^.
The implementation of HPPMS led to the successful deposition of Ti inside the 
alumina template to depths of around 45-50 nm. It was found that templates with highly 
parallel pores on a rigid substrate such as Si, are more suited if  this deposition method is to 
be used. Control of the pressure and substrate biasing is critical in avoiding ‘pinch-off 
and ‘bridging’ and leading to complete pore filling. The results have shown that HPPMS 
is a promising plasma technology for the synthesis of nanomaterials such as nanodots, 
nanopillars or nanowires, when used with porous alumina templates under appropriate 
conditions.
The use o f sol-gel deposition has led to the growth of a number of interesting 
materials and structures. Nanocrystalline Ce0 2  and Cei.xZrxOi and Cei-xSmxOi thin films 
and powders have been successfully obtained exhibiting novel micro- and nano-structures, 
likely to find useful applications in catalysis and gas sensing due to their redox properties 
and large surface to volume ratio. Furthermore, the treatment of porous alumina templates 
via a sol-gel/hydrothermal method led to the formation of Ce-doped y-A^Os nanowires. 
Hence, a simple, direct and cost effective method for producing large scale AI2O3 (and 
doped AI2O3) nanowires is reported. Moreover, by annealing at temperatures above 600 
°C, nanowires of different crystallographic forms such as 6 -, 0- and a-Al2 0 3  can also be 
readily obtained. As the dopant Ce was successfully introduced through this method a 
wide range of doped-Al2 0 3  nanowires (by other rare earths such as Y, La, Gd, Sm), at 
various concentrations (e.g. 1, 3, 5 at. %) can be readily obtained.
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Chapter 1. Introduction
1.1. Introduction
Nanoscience and nanotechnology are rapidly pushing the boundaries of many 
application areas ranging from electronics to photonics, energy conversion to 
healthcare. Surely enough, at the heart of any technological advancement lay some 
key elements, the building blocks, on which the science and technology are based. 
Feynman’s 1959 lecture [1], “There’s plenty of room at the bottom”, inspired a whole 
generation by presenting a bold vision of a technological journey leading toward the 
atomic scale and toward the ultimate boundaries set by physical law. His vision was 
based on the idea of manipulation on an atomistic level, "^re-arranging atoms one by 
one the way we want them'\ It took roughly 30 years for the realisation of this vision 
by the invention of the scanning tunnelling microscope, and the Eigler-Schweizer 
experiment [2], of precisely manipulating thirty-five xenon atoms (Figure 1) atoms 
‘one by one’.
#  m m  #  »' 
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Figure 1: Scanning Tunelling Microscopy (STM) image showing patterned array of 
xenon atoms spelling IBM constructed on a nickel surface [2].
Feynman’s vision is encapsulated by the “bottom-up” paradigm (Figure 2) of C.M. 
Lieber [3] according to which, the controlled growth o f  nanoscale materials, pursued  
within the disciplines o f  materials science and chemistry lie at the heart o f  
nanotechnologies. Starting from quantum dots, nanoclusters, nanowires or nanotubes,
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individual nanodevices can be fabricated and then be assembled into highly- 
integrated, multifunctional architectures that are beyond the limitations of the 
conventional “top down” lithographic approaches. Such assembled nano-systems will 
have a huge impact by aiding miniaturization and will revolutionise familiar 
technologies.
Information
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Figure 2: Overview of the bottom-up approach in nanotechnology [3].
Bottom-up fabrication methods, on the other hand, mimic nature’s way of self 
assembling atoms to form increasingly larger structures. Such techniques involve 
controlled crystallization of materials from vapour or liquid sources, typically 
yielding uniform and highly ordered nanometer-scale structures. Nanostructures can 
be fabricated in solution, as particles in a vapour, or on a solid support surface. 
Production methods based on chemical synthesis in particular, provide an alternative 
and intriguing strategy for generating ID nanostructures in terms of material diversity, 
cost, throughput and the potential for high-volume production [4]. The bottom up 
approach lies in the heart of this study and both, chemical and vapour deposition 
methods are exploited for obtaining nanomaterials.
1.2. Nanomaterials
Nanomaterials are defined as structures having at least one dimension between 1 to 
1 0 0  nm and have become the focus o f intense research over the last decade due to the
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peculiar and fascinating properties and applications compared to their bulk 
counterparts [4] such as large surface-to-volume ratio, . Depending on their relative 
sizes in different spatial directions, nanomaterials can be divided into categories of 
different dimensionality ranging from three- (3D) to two- (2D), one- (ID) and zero­
dimensional (OD). The nomenclature used for such materials is: complex symmetrical 
or assymetrieal assemblies of nanoclusters (3D), simple shapes such as 
slabs/sheets/films (2D), wires/tubes/rods (ID), and nanoclusters in the shape of a cube 
or sphere (OD) [5].
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Figure 3: Types of nanocrystalline materials by size of their structural elements: OD 
(zero-dimensional) clusters; ID (one-dimensional) nanotubes, fibres and rods; 2D 
(two-dimensional) sheets and films; 3D (three-dimensional) polycrystal architectures 
[6].
The synthesis and properties of nanowires in particular have become the centre of 
intense research based on the realisation that they can function both as active devices 
and interconnects and have thus the potential to provide simultaneously two of the 
most critical functions in any integrated nanosystem [3]. Feynman’s early vision of 
“shrinking computing devices toward their physical limits where wires should be 1 0  
or 1 0 0  atoms in diameter” is not wishful thinking, but a technology already 
commercially available. CMOS device fabrication technology has ‘shrunk’ from 45 
nm in 2007 to 22 nm (in consumer level products) by 2012 [7, 8 ] and aiming at 14 nm 
in the next 2 years. The relentless struggle to shrink the feature sizes of devices in the 
nanoscale, are pushing the limits of conventional technologies and necessitate the 
need to exploit the application of nanomaterials.
2 0
1.3. Shape controlling synthesis strategies
There are different ways of controlling the growth of nanoparticles and therefore their 
size and shape, which may be chemical or physical, often referred to as ‘soft’ or 
‘hard’ templating methods. In chemical or colloidal methods (such as the sol-gel 
technology), typically a metal salt precursor is reduced in solution (aqueous or 
otherwise) in the presence o f a stabilizing agent, which prevents aggregation or 
improves the chemical stability of the formed nanoparticles [9]. Colloidal methods are 
advantageous as a) no specialized equipment is necessary, b) solution-based 
processing and assembly can be readily implemented and c) large quantities of 
nanomaterials can be synthesized. However, the use of solution-based methods for 
producing low-dimensional structures without a physical template requires precise 
tuning o f nucléation and growth steps. These reactions are governed by 
thermodynamic (e.g., temperature, reduction potential) and kinetic (e.g., reactant 
concentration, diffusion, solubility, reaction rate) parameters that are intimately and 
intricately linked [9].
The use of a ‘hard’ template on the other hand, offers a physical restraint during 
nanoparticle growth without the need to control multiple thermodynamic and kinetic 
parameters. Therefore the process is simplified significantly. Among various template 
materials available, porous anodic aluminium oxide is an ideal candidate for the 
synthesis of ID nanomaterials. The nanopores of porous alumina can self-organise 
into a highly ordered array o f uniform sizes. The pore diameter, period, and array size 
can be easily tuned by the anodisation conditions and are variable over ranges that are 
beyond the reach o f standard e-beam lithography, i.e. sub-50 nm high-aspect-ratio 
features. Furthermore, porous alumina can be fabricated easily through an 
electrochemical method requiring simple apparatus and can withstand elevated 
processing temperatures needed either during deposition methods (such as magnetron 
sputtering) or during annealing (crystallisation o f xerogels).
The sol-gel process is a versatile colloidal process for making advanced materials, 
including ceramics and organic-inorganic hybrids which involves the transition o f a 
solution system from a liquid "sol" (mostly colloidal) into a solid "gel" phase. A wide
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variety of forms can be obtained such as ultrafine or spherical shaped po^vders, thin 
film coatings, fibres, porous or dense materials, and extremely porous aerogels. It is 
an inexpensive, low temperature process, requiring simple apparatus but at the same 
time allowing extreme flexibility. In this study, the use o f a hard template such as 
anodic aluminium oxide (AAO) templates, combined with the advantages of a 
colloidal method such as sol-gel, have been selected as the shape controlling synthesis 
strategy for obtaining low dimensional (ID) materials such as nano wires and 
nanotubes.
In addition to this ‘traditional’ approach o f utilising a colloidal method such as sol-gel 
assisted by the use of a hard template, a novel and extremely challenging approach 
has also been implemented in this study. Magnetron sputtering is a Physical Vapour 
Deposition (PVD) process which has been widely used to coat or fill low aspect ratio 
trenches of integrated circuits (ICs) for the semiconductor industry, for decades. 
However, conventional sputtering technologies cannot meet the demands of 
nanotechnology which has entered the sub-50 nm era. A newly emerging Ionised 
Physical Vapour Deposition (I-PVD) process called High Power Pulsed Magnetron 
Sputtering (HPPMS), also referred to as HIPIMS, offers an intense pulsed plasma 
density and high ionisation fraction allowing for fine control over the sputtered 
species and therefore potentially making it a suitable candidate for filling extreme 
aspect ratio features such as that o f porous alumina.
1.4. Why rare earths?
This thesis focuses primarily on metal oxide nanomaterials with the exception of 
HPPMS A1 and Ti depositions to obtain metal nanowires. Work carried out through 
the implementation of sol-gel technology concentrates on alumina and rare earth 
oxides. The rare earth oxide family has been explored for several advanced 
applications, such as in electronics, optics, and heterogeneous catalysis, thanks to 
their peculiar properties arising from the availability o f the 4 f shell.
Ceria, in particular, is a promising material with unique properties such as high 
mechanical strength, oxygen ion conductivity and oxygen storage capacity and has
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been applied as an excellent three-way catalyst (TWC) for automobile exhaust 
emissions [10], as solid oxide fuel cell material (SOFC) [11][12], in UV protection, as 
a solar cell material [13], oxygen gas sensor [14, 15], high temperature oxidation- 
resistant coatings [16], even polishing material [17]. The importance o f ceria 
especially in catalysis originates from its remarkable oxygen storage capability, i.e., 
its ability to undergo rapid and repeatable redox cycles depending on the conditions in 
the reactor stream. This feature is strongly related to the facile creation, healing, and 
diffusion o f oxygen vacancies, especially at the ceria surfaces [1 2 ].
Predictably, nano-structured ceria exhibits improved properties as it possesses small 
crystallite size and increased surface area, parameters which have been demonstrated 
as critical in catalysis and gas sensing. Furthermore, ceria’s oxygen storage capacity 
(OSC) can be improved, its ionic conductivity can be increased and its thermal 
stability at high temperatures can be improved by the substitution o f cerium ions by 
divalent (Zr^^) or trivalent cations (Sm^^, La^^) to form a defective fluorite
structure, solid solution.
1.5. Aims of the work
The generic scientific aim o f this work can be summarised as ‘the exploitation of 
shape controlling synthetic routes and structural modifications for the development of 
nanomaterials with enhanced properties which may be utilised as interconnects, 
catalyst supports, gas sensors, or solid fuel cell materials’.
More specifically, the objectives are to:
• Set-up and optimise an anodic aluminium oxidation (AAO) process to 
fabricate and control the structure o f AAO templates
• Investigate the deposition o f metal ID nanostructures within the AAO 
templates via HPPMS
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• Study various metal oxide materials deposited onto surfaces (as 2D and 3D 
thin film structures) and within the AAO templates (as ID nano wire/nanotube 
structures) via a sol-gel process
• Characterise the ID, 2D and 3D nanostructures formed through the use of 
various analytical techniques including scanning electron microscopy (SEM), 
focussed ion beam scanning electron microscopy (FIBSEM), X-ray 
photoelectron Spectroscopy, X-ray diffraction (XRD) and transmission 
electron microscopy (TEM)
• Consider the technological applications for the nanostructured materials 
fabricated through the various deposition techniques
1.6. Organisation of the thesis
The thesis is organised in the following manner. In Chapter 1, the research topic is 
introduced with the research work aims and strategy described. Chapter 2 offers a 
comprehensive overview o f the basic theory and current state-of-the-art on: the anodic 
oxidation of A1 to obtain porous templates, sol-gel chemistry o f aqueous metal salts, 
template assisted growth, synthesis and properties o f nanocrystalline and ID rare 
earth and AI2O3 metal oxides. Chapter 3 describes the experimental methods 
employed in the structural characterisation o f obtained materials. Synthesis 
parameters and equipment types used are described in each of the four experimental 
chapters that follow. Chapter 4 describes the synthesis and characterisation o f porous 
alumina templates. Chapter 5 is concerned with the HPPMS process and its 
implementation for filling porous alumina templates. The chapter includes the results 
o f extensive microscopy analysis. In Chapter 6 , the sol-gel process is utilised for 
obtaining ceria and ceria-based nanomaterials. The morphological and structural 
characteristics of which are described in detail. In Chapter 7, the sol-gel method 
described previously based on the controlled hydrolysis of metal salts by the 
decomposition o f urea, is implemented in porous alumina templates, to synthesise 
ceria based 1-D nanomaterials. Ce-doped y-AhOg nanowires were obtained and are 
discussed extensively in terms of their structure and formation mechanisms. Finally, 
Chapter 8  gives a summary o f the research findings and Outlook.
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Chapter 2. Literature Survey and 
Background Theory
2.1. Porous anodic alumina
2.1.1. Introduction
Anodic porous alumina is formed by the anodisation of aluminium. Its unique 
geometrical structure is described as a closed-packed array o f uniform-sized 
cylindrical units called cells, each of which contains a central pore perpendicular to 
the surface [18] has attracted steady interest since the middle o f the last century. 
Numerous studies were concerned with the pore nucléation and growth mechanisms, 
the reaction kinetics, interrelationship of process parameters and composition of the 
oxide. However, it was the pioneering work of Masuda [19] and Gosele [20] reporting 
conditions for obtaining a self-organised periodical ordered porous alumina, which 
opened up a number o f possibilities for utilising this unique structure in the fabrication 
o f nanomaterials and functional devices. Alumina templates have high porosities 
( - 1 0 ^^  pores/cm^) and compared to other porous nanomaterials, its geometrical 
characteristics such as pore size, interpore distance and depth, can be easily controlled 
by the anodisation conditions. Porous alumina templates can withstand high 
temperatures which may be necessary in some cases. Therefore, alumina templates are 
considered important for nanofabrication and have been used in combination with a 
number o f methods as an alternative to nano-lithography for the fabrication o f 
nanodots, nanotubes and nano wires. ID nanostructures of metals, semiconductors and 
polymers have all been fabricated using alumina templates, and today these templates 
are employed for fabrication in diverse and ever expanding fields, from magnetic 
storage [21], to solar cells [22], fabrication of carbon nanotubes [23, 24], sensors, 
catalysts, photoluminescent devices etc.
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The advantages o f a non-lithographic fabrication using self-organized, highly ordered 
anodized aluminium oxide nanopore templates include a uniform pore diameter 
adjustable from 20 to 200 nm and a uniform pore periodicity from 50 to 400 run with 
the highest packing density 10^-10^^ cm'^, due to the pore’s hexagonal symmetry. It is 
readily scalable and compatible with existing IC processing yet inherently not limited 
to existing wafer sizes. The process is conformai to either flat or curved surfaces and 
finally, preparation does not require a cleanroom process.
2.1.2. Anodisation
Due to the high affinity o f aluminium to oxygen, the metal is always covered with a 
highly protective oxide film. The large negative Gibb’s free energy change associated 
with the formation of aluminium oxide in air or water is shown below:
2A l(s) +202 (g) Al2 0 3 (s); AG°_ = -1582kJ/mol
2Al(s) + 3 H2O (1) -> Al2 0 3 (s) + 3 H2 (g); AG° = -871kJ/mol
This “native” oxide is a few nanometers thick. Through the electrolytic passivation 
process called anodising, this natural oxide film can be converted to an oxide film 
which increases the corrosion and wear resistance, provides a commercially attractive 
finish and provides better adhesion for paint primers and glues. Anodic films are most 
commonly formed on aluminium and its alloys but the process is also applied to other 
metals such as titanium, zinc, magnesium, niobium, tantalum, vanadium and 
zirconium.
2.1.3. History
Anodisation, the electrochemical oxidation o f aluminium, has been commercially used 
for the protection or decoration o f A1 surfaces, since at least 1923 [25]. Bengough’s 
and Stuart’s patent in 1923 is recognised as the first patent for protecting A1 and its 
alloys from corrosion by means o f an anodic treatment. In 1936, Caboni [26] invented 
the famous colouring method consisting o f two sequential processes: anodisation in
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sulphuric acid, followed by the application of an alternating current in a metal salt 
solution. Its unique structure has been known as far back as the early 50s aided by the 
development of electron microscopy which led to a deeper understanding of these 
structures. Keller et al [27] described it in great detail as a close-packed hexagonal 
array of cylindrical cells, with a roughly hemispherical end, each containing a central 
pore situated perpendicular to the aluminium substrate. Keller et al also demonstrated 
the relationship between the applied potential and the geometric features o f the 
hexagonal porous structures, such as, the interpore distance. Since then, the formation 
and structure o f porous anodic alumina, has been studied steadily for more than five 
decades. A significant development came in 1995 when Masuda et a / [19] reported a 
two step anodisation process for self-organised pore growth, leading to a densely 
packed hexagonal pore structure, when employing certain sets o f anodisation 
parameters. This great improvement in the degree of pore ordering increased the 
interest in utilising porous alumina as a starting point for nanofabrication and lead to 
new areas o f application. Martin [28] reported in the following year the synthesis of 
nanowires using a template-assisted technique based on the use of anodic aluminium 
oxide (AAO) membranes and sol-gel processes. Since then it has found application in 
magnetic storage, solar cells, carbon nanotubes, catalysts and nanowires. Due to the 
controllable pore diameters, high aspect ratios and thermal stability, porous alumina 
has become over the years a prominent template material. Today porous anodic 
aluminium oxide films are extending into several diverse application fields, such as, 
biomaterials [29], resistive random access memory [30], adsorption o f volatile organic 
compounds (VOCS) [31] and energy conversion.
2.1.4. Oxide composition
The exact chemical composition o f anodic films is still under discussion as it is 
dependent upon the anodisation parameters, particularly the electrolyte type and the 
electrical conditions applied during the process. A number of publications have 
demonstrated that the anodisation process results in the formation o f a number of 
polymorphs, hydrates and incorporated anions, consequently anodic films can exists 
as different types of aluminium oxy-hydroxides such as, hydroxyl A1(0 H)3, oxy- 
hydroxyl AlOOH or hydrated oxides A1 2 0 3 - (H2 0 )n where n=0-3 [32-34]. Crystallised
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phases of AI2O3 such as the metastable phases (8 , p, 0 , y, k, x, Ç , etc.) or stable phase 
(a) can be obtained by further thermal treatment. For example Mardilovich et al [34] 
obtained pure y- AI2O3, by calcination of crystallised boehmite, y-AlOOH, at 550 °C.
Gibbsite and Boehmite can be converted into several transition aluminas by heating. 
Boehmite heated at between 400 - 500 °C yields y-Al2 0 3  consisting of irregular 
structures [35]. Heating y-Al2 0 3  above 900 °C converts it to corundum through a 
series of polymorphic transformations y -^ 8 ^ 0 -^a-A l2O3 [36]. The most 
thermodynamically stable form is corundum (a-A l2 0 3 ) and is generated above 
1100°C [36]. Anodic alumina is mostly reported as a form of X-ray amorphous solid 
[37],[38].
2.1.5. Barrier and porous type alumina
Two types of anodic aluminium films can be produced depending on the anodisation 
conditions; a compact, nonporous, barrier oxide and a porous oxide. The type o f oxide 
strongly depends upon several factors such as the type of electrolyte. Anodisation in 
neutral or basic solutions (pH> 5) such as boric acid, ammonium borate, tartrate and 
ammonium tetraborate in ethylene glycol, leads to a flat, non-porous, featureless 
insulating, barrier oxide being formed. However, when A1 is anodised in an acid such 
as sulphuric ( H 2 S O 4 ) ,  oxalic ( H 2 C 2 O 4 )  or phosphoric acid ( H 3 P O 4 ) ,  a porous oxide is 
obtained [27],[37].
2.1.6. The duplex structure of porous alumina
Early authors identified the duplex structure o f anodic films [39, 40]. The barrier and 
porous type alumina films consist of two layers as shown in 4; The inner layer is 
comprised of high purity alumina and the outer layer of anion-contaminated alumina 
[39, 41]. For porous films, the amount o f anion incorporation is different for each acid 
electrolyte. For example, the anion concentration decreases for the different 
electrolytes as follows: sulphuric acid (11.1 wt% S0 4 ^'), phosphoric acid (7.6% P0 4 ^), 
oxalic acid (2.4% (C0 0 )2  ^) chromic acid (0.1% Cr0 4 ‘^). These inner and outer layers
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are often described in the literature in terms of their interfaces. The inner oxide is 
adjacent to the oxide/metal interface and while the outer oxide is adjacent to the 
electrolyte/oxide interface. This definition of these terms will be used extensively in 
the description of the pore formation mechanism.
Outer oxide
Inner oxide
Anion-contaminated region 
Anion -free region •
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Figure 4: A schematic diagram showing the inner and outer layers o f barrier and 
porous type alumina. The cross-section and plan views indicate the geometrical 
characteristics such as interpore distance, Dint, pore diameter. Dp, cell wall thickness, t 
and barrier layer thickness, ty. The inner, anion-free pure alumina and the outer, 
anion-contaminated layer are also indicated.
2.1.7. Pore nucléation and growth
Since the 1950s numerous studies have been concerned with developing an in-depth 
understanding of the unique structure, composition, formation mechanisms and later 
self-organisation of porous alumina. In the classic study by Keller et al [27] in 
addition to describing the structure of porous alumina, they also proposed a pore 
formation mechanism and demonstrated the relationship between the applied potential 
and the geometric features of the hexagonal porous structures, such as the interpore 
distance. This model served as the basis for further studies aimed at a better
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understanding of the physical and chemical properties of porous alumina. A review 
paper by Diggle et al published in 1969, in which structural features and formation 
mechanisms of barrier and porous anodic films were described in great detail, 
demonstrates that the basic principles on the composition and formation of anodic 
films were understood fairly early on. In 1970, O’Sullivan and Wood [38] accredited 
pore initiation to “a non-uniform thickening of the barrier layer occurring at spots or 
nuclei” related to the substructure. These areas of thicker oxide increase in number 
and size until, they eventually merge, leaving thin areas of oxide between them.
T U T
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Figure 5: Schematic representation of irregular barrier-layer thickening and the 
distributions of current during pore initiation [38].
The non-uniform distribution of current initially concentrates at the oxide thickening 
points, as demonstrated in Figure 5, but eventually concentrates at the thin areas. 
These features are the precursors of the steady-state pores. The model has been 
reviewed several times by numerous authors. A review of the elementary processes is 
described below.
2.1.8. Elementary processes in porous growth
In order to understand the mechanism of organised pore growth, the characteristics of 
the different types of oxide that can be obtained through anodisation of A1 in basic or
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neutral pH (barrier-type), where no pores grow and in acidie pH (porous-type) where 
pores form and grow at a steady state, have to be considered. The transient o f the 
potensiostatic current density reflects the formation stages of barrier and porous type 
alumina. Initially, both transients (for barrier and porous films) are identical. In the 
case of barrier type growth, as the initially formed film thickens, the electric field 
strength decreases and the current density reduces. Subsequently, it continues to do so, 
exponentially. Eventually the barrier current is dominated by an ionic current [37]. 
For barrier type films, the Faradaic current efficiency is high (close to 100%) and the 
metal/oxide and oxide/electrolyte interfaces remain planar.
In the ease of porous oxides, growth includes several phases which are easily 
detectable by monitoring the kinetics of voltage or current with time (Figure 6 ).
D
Anodisation time (t)
iiii'nHriifiinniT’
fyjyiyi
Figure 6: (top): A typical current density profile for the initial growth of a porous 
anodic film at constant voltage; (bottom): A schematic illustration o f the 
corresponding pore formation phases: A ^ D . Phase A: formation of a barrier oxide 
over the entire area. Phase B: local field distributions caused by surface irregularities. 
Phase C: creation of pores by field-enhanced or/and temperature-enhanced 
dissolution. Phase D: stable pore growth [42].
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Initially, the current density decreases rapidly (phase A). Then it passes through a 
minimum value (phase B). In phase C, it increases to reach a maximum value and 
subsequently slightly decreases again. Finally, a steady current density remains, phase 
D. A typical current profile during the porous oxide growth is presented in Figure 6  
along with schematic illustrations of corresponding to each formation steps.
During phase (A), the application of an electric field first leads to the development of 
the barrier layer which is a compact, non-conductive alumina oxide (= D
cm). Small topographic differences within this layer cause inhomogeneities in the 
applied electrical field which focuses locally as indicated by arrows in phase (B) 
leading to the formation of protuberances on the outer regions of the barrier layer. 
This leads to a localised field-enhanced or/and temperature-enhanced dissolution of 
the formed oxide and subsequently leads to the growth of pores in phase (C). A 
number of pores stop growing due to competition among the pores, which is causing 
the current to decrease again as shown in phase (D). Finally, the current maintains an 
equilibrated state. In this stage, pores grow in a stable manner. However, it is very 
often observed that during the stable pore growth, the current density continues to 
decrease slightly. This is due to diffusion limits in the long pore channels [32]. The 
barrier oxide continuously regenerates at the pore bottoms, retaining its thickness [37, 
38, 43, 44]. For porous thin films the Faradaic efficiency in making the oxide, is lower 
(70% or below) and in this case the metal/oxide and the oxide/electrolyte interfaces 
become carved (scalloped) [42].
2.1.9. Chemical reactions
In order to understand the electrochemical process of the anodisation process, it is 
crucial to understand the individual chemical reactions at the metal/oxide and 
oxide/electrolyte interfaces separately. The pore formation process is a result o f two 
reactions in equilibrium: the field-enhanced oxide dissolution at the oxide/electrolyte 
interface and the oxide growth at the metal/oxide interface [3 8 ] [43].
32
When aluminium is electrochemically anodised, an oxide grows at the anode 
electrode:
2Al(s) + 3 H2O (1) = AhOsCs) + 6H* + 6 ^
Under the applied electric field, Al^^ ions form at the metal/oxide interface
2 A l- » 2 A P  + 6e-
and migrate into the oxide layer. At the oxide/electrolyte interface, water-splitting 
occurs and assisted by the electric filed, oxygen containing ions (0^“ or 0H “) migrate 
from the oxide/electrolyte interface into the barrier oxide layer the toward the 
metal/oxide interface to form AI2O3 .
Simultaneously, electrons migrate through the barrier oxide layer and move into 
solution at the oxide/electrolyte interface. The electrons in the electrolyte combine 
with hydrogen ions to generate hydrogen gas at the cathode
6H^ + 6e--^3H 2(g)
Barrier oxide growth without pore formation occurs when the Al^^ ions reach the 
electrolyte/oxide interface and contribute to the oxide formation. It has been shown 
that a porous alumina oxide layer is formed when the Al^ "^  ions drift through the oxide 
layer and pass into the solution at the oxide/electrolyte interface [2 0 ].
2A1 2A1^+ + 6 e -
The passage of Al^”^ ions into the electrolyte has been found to be a pre-requisite for 
porous oxide growth [2 0 ].
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2.1.10. Highly ordered porous alumina
In 1988 Konno et al [45] observed pore regularity in anodised porous alumina 
membranes. By 1995, Masuda and Fakuda [19] reported large defect-free regions 
appearing in large domains, with defects appearing at the boundaries of these 
domains, after a long anodisation period under a strict set o f process conditions. The 
ordering o f the pores is strongly dependent on the anodisation conditions and under 
appropriate conditions a long-range ordered porous anodic alumina with an ideally 
ordered pore arrangement can be obtained. The most important parameter for long- 
range ordering is the applied voltage which is specific to each electrolyte used. By 
selecting the appropriate electrolyte and applied voltage, anodic porous alumina, with 
long-range ordering can be obtained with a wide variety o f pore intervals [19, 46-48]. 
Highly ordered self-organising porous alumina can be obtained only in three types of 
electrolyte self-ordering voltages specific to the electrolyte used: i.e., sulfuric acid at 
25V [47], oxalic acid at 40V [19] and phosphoric acid at 195V [48], with 63nm, 
lOOnm and 500 nm pore intervals respectively. If the anodisation conditions, such as 
applied potential, electrolyte concentration and temperature, match the self-ordering 
conditions which obey the 10 % porosity rule [49], then self-ordered porous alumina 
structures arranged in a hexagonal lattice can be obtained.
2.1.11. Self-organisation model
Jessensky et al [50] and Li et al [44] proposed a mechanical stress model to explain 
the formation of hexagonally-ordered pore arrays. They considered the following 
factors:
i. The oxidation takes place at the entire metal/oxide interface mainly by the 
migration o f oxygen containing ions (0^~ or OH”) from the electrolyte.
ii. The dissolution and thinning of the oxide layer is mainly due to the hydration 
reaction o f the formed oxide layer.
iii. In the case of barrier oxide gro’wth without pore formation, all Al^^ ions 
reaching the electroIyte/oxide interface contribute to oxide formation. On the 
other hand, porous alumina is formed when a P^ ions drift through the oxide
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layer. Some of them are ejected into the electrolyte without contributing to the 
oxide formation.
iv. Pores grow perpendicular to the surface when the field-enhanced dissolution at 
the electrolyte/oxide interface is equilibrated with oxide growth at the 
oxide/metal interface.
V . The formed alumina is assumed to be AI2O3 . Therefore, the atomic density of 
aluminium in alumina is by a factor of 2  lower than in metallic aluminium. 
This means that the volume o f the anodized alumina expands to about twice 
the original volume.
vi. This volume expansion leads to compressive stress during the oxide formation 
in the oxide/ metal interface. The expansion in the vertical direction pushes the 
pore walls upwards.
According to their studies, the degree of the volume expansion of aluminium, 
determined as volume expansion coefficient varies with the applied potential and 
determines either the formation of self-ordered pores or the formation o f disordered 
pores. If  the stress is maximal (Çmax ~ 2 ), no pores are generated. If  the stress is too 
small (Ç < 1 .2 ), the force promoting ordering is too small and a disordered porous 
alumina array is formed. In the case of moderate promoting forces (Ç ~ 1 .2 ), ordered 
pore growth occurs. If 1.3 < Ç < Çmax, the size o f domains o f self-ordered porous 
alumina will decrease and finally disappear due to the strong repulsive interactions. 
They concluded that self-ordered porous alumina is best formed when the volume 
expansion coefficient Ç ~ 1 .2 .
2.1.12. Two-step anodisation
The pore arrangement of anodic porous alumina in the initial stage o f anodisation is 
random and the degree of ordering is very low. The ordering of the anodic porous 
alumina proceeds with time under appropriate anodising conditions. However, even 
after prolonged anodisation periods, the resultant pore ordering is far ftom adequate 
for specific applications. A two-step anodisation process is deemed essential in order 
to regulate the nanoporous structure. Masuda [19] showed that anodisation of 
aluminium under suitable acid and voltage conditions, and using a two-step
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anodisation procedure, leads to the formation of ordered arrays of pores. The process 
involves nano-imprinting o f the aluminium substrate, offering in this Avay initiation 
sites for pore development, achieving in this way, long-range pore ordering. More 
specifically, aluminium is anodised under appropriate conditions, for a prolonged 
period of time, to allow sufficient ordering at the base of the pores. The porous 
alumina layer is then selectively removed, in a mixed solution of chromium oxide and 
phosphoric acid. This results in patterning the aluminium substrate with an array of 
hemispherical impressions. During a second anodisation the impressions act as 
initiation sites for pore development and guide the growth o f straight pores. 
Application of this method and strict control of the anodisation conditions leads to 
self-ordered porous alumina structures arranged in a hexagonal lattice.
2.1.13. Process parameters influencing the geometrical 
characteristics
The interpore distance Dint is equivalent to the cell size and is linearly proportional to 
the applied voltage approximately -2.5 nm [51] as expressed by the equation 
(Dint= ^U) where Dint is the interpore distance, U is the applied voltage and k  the 
proportionality constant The pore size is dependent on the concentration and 
temperature of the electrolyte, in addition to the applied voltage. However, pore sizes 
can also be controlled by the applied voltages. The pore diameter can be adjusted by 
post-etching treatments in appropriate etch solutions. The depth of the pores is simply 
proportional to the anodizing time. The flexibility of controlling the geometrical 
characteristics of the porous alumina through the process parameters is one o f the 
advantages of the anodic alumina templates compared to other templates. 
Bandyopadhyay et al [52] showed that pores tend to nucleate in regions o f increased 
elastic energy and grain boundaries are typical preferred sites. Self-organisation is 
disturbed by a large number o f grain boundaries and A1 is hence annealed to achieve 
larger defect-free domains. The A1 substrate affects the porous growth so a smooth 
surface finish is a pre-requisite for obtaining an ordered porous structure.
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2.1.14. Electropolishing
The electropolishing process is utilised for improving the surface roughness o f the A1 
surfaces prior to anodisation. It is a technique similar to anodisation, in which 
however the oxide growth rate is comparable to the dissolution rate and hence an 
oxide film is not obtained, but through the cycle of the continuous growth and 
dissolution, the surface is polished.
Research on electropolished samples indicated that the process, under certain 
conditions, does not just randomly smooth the surface, but actually patterns it with a 
dimpled and undulating landscape which may or may not have spatial ordering 
depending on the duration and the voltage applied during electropolishing [52]. 
Atomic force micrographs (Figure 7) have shown how different patterns can be 
obtained at various voltages and durations of electropolishing [53]. They range from 
the “serpentine”, to labyrinth stripes, to fractal like loops and within a small window 
of processing parameters they evolve into highly ordered stripes (at 50V, 10s). An 
“egg-carton” pattern which has a hexagonal closed-packed arrangement o f crests 
appears at 60 V and 30 s [53]. The amplitude o f such pattems(the height o f the crests 
above the troughs) is a few nanometers (i.e. amplitude of ~5nm and wavelength of 
100 nm for morphologies presented in Figure 7), so they escape the smoothing effect 
o f dissolution that is common to all electropolishing processes [54]. The parallel 
stripes and the egg-carton patterns are useful for obtaining periodic and highly ordered 
arrays o f quantum wires and dots [54].
During electropolishing, an electrolytic double layer is formed on the electrolyte side 
of the A1 film near the constant-potential metal surface as ions are attracted to it under 
the action o f the electropolishing voltage. This sets up a potential gradient (and an 
associated electric field) normal to the metal-electrolyte interface. This electric field is 
inhomogeneous and higher at the surface ridges where the contorted double layer 
produces a higher field. The electrolyte contains polarised or polarisable organic 
molecules like ethanol. Such molecules are attracted to, and preferentially adsorbed on 
the surface ridges where the electric field is higher. The ridges are thus selectively
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covered by these molecules and protected from dissolution by perchloric acid. Since 
the dissolution of Al^^ is hindered at the ridges, the troughs dissolve faster [55].
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70 V
Figure 7: AFM images showing surface features that are produced on an aluminium 
surface by electropolishing in perchloric acid, butyl cellusolve, ethanol, and distilled 
water under various voltages and for various durations [53].
2.1.15. Ideal ordering by pre-texturing
The two-step anodisation process [19], can improve the pore regularity under 
particular conditions. The process involves stripping away the thick aluminium oxide 
film obtained from a first long anodisation, and the subsequent re-anodisation under
38
the appropriate conditions to form a porous thin alumina film with highly ordered 
pores. The technique will be described experimentally in Chapter 3.
Other techniques can be employed for obtaining an ideally-ordered porous alumina 
structure by pre-texturing prior to anodisation. Masuda et al [56] imprinted the A1 
substrate using a SiC mould obtained by conventional electron-beam lithography. Liu 
et al [57] used focused-ion-beam (FIB) lithography directly on the pre-treated A1 and 
controlled anodisation to produce almost defect free alumina structures with a pore 
aspect ratio o f -100. The authors also concluded that a threshold depth o f 3 nm is 
needed for the electric field necessary for vertical growth. Finally, Masuda et al [58] 
used a self-organized array o f polystyrene particles to produce a metal Ni mould for 
imprinting the A1 surface prior to anodisation. The techniques, by which a 
semiconductor or metallic mould can be produced, are technologically interesting as 
high-throughput preparation of highly-ordered porous aluminas can be achieved by 
repeated use of the mould.
2.2. Sol-gel
The sol-gel process is an important technique that can be used to synthesise many 
materials in a variety o f shapes and forms and especially suited for the preparation of 
ultra-fine oxide materials at relative low temperatures [59]. Due to a unique 
combination of properties and numerous inherent advantages such as good 
homogeneity, purity, easy controllability and manageability, sol-gel technology has 
found growing interest in diverse research areas. It can be summarised as a method to 
synthesize nanophase metal-oxide particles in a colloidal suspension, involving the 
hydrolysis of precursors and polycondensation reactions converting them into a 
colloid that ultimately turns into a three dimensional network.
2.2.1. History
Sols and gels are two forms of matter that have been known to exist naturally for a 
long time. The oldest sols prepared in the laboratory were synthesised with gold by
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Faraday in 1853. As for gels, the first record is attributed to Ebelman who produced 
the first silica gels in 1845 and Cossa who synthesised the first alumina gels in 1870. 
[60-62]. In 1930, Geffcen and Berger from the Scott Company established the new 
‘dip-coating’ sol-gel process for oxide layers on industrial glasses using combinations 
o f metal-containing precursors [62]. During the 1950s and 1960s, D. Roy and R. Roy 
succeeded in using sol-gel methods to synthesise a large number o f novel ceramic 
oxide compositions involving Al, Si, Ti, Zr etc. that were impossible to obtain using 
ceramic powder methods. Roy et al. described their original goal in the sol-gel field 
as achievement of ‘homogeneity on the finest possible scale’ in the production of 
mono-phasic glasses and mono-phasic ceramic powders and precursors. Indeed, Roy 
who first brought sol-gel science to broad attention in the ceramics industry in the 
1950 sand 1960s for exactly this reason [63].
2.2.2. Aqueous sol-gel chemistry
Sol-gel processes can be divided into aqueous and non-aqueous (or non-hydrolytic). 
The aqueous process can be concisely defined as the conversion o f a precursor 
solution into an inorganic solid via inorganic polymerization reactions induced by 
water. Aqueous sol-gel chemistry is quite complex, on the one hand due to the high 
reaetivity o f the metal oxide precursors towards water and the double role o f water as 
ligand and solvent, and, on the other hand, due to the large number o f reaction 
parameters that have to be strictly controlled (hydrolysis and condensation rate o f the 
metal oxide precursors, pH, temperature, method of mixing, rate o f oxidation, the 
nature and concentration o f anions) in order to provide good reproducibility o f the 
synthesis protocol [64].
In general, the preeursor or starting compound is either an inorganie metal salt 
(chloride, nitrate, sulfate) or a metal organic compound such as an alkoxide. In 
keeping with the rationale of low-cost, synthesis teehniques for obtaining nanowires 
utilising inexpensive and simple processes, metal salts have beeen selected as the 
precursor material for this study. Metal salts include chlorides, acetates, nitrates, 
sulfides and so on. Chlorides, nitrates and sulfides have high solubility in water or 
organic solvents. In some cases acetates have lower solubility in water or organic
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solvents than other metal salts. However, acetate ions can stabilize the metal ions in 
solutions through coordination by C = O groups. If metal salts are just dissolved in 
water or organic solvents without chemical reaction like a chelating, they are re­
crystallized on solvent evaporation [65].
In general, the sol-gel process consists o f the following steps: i) Preparation of a 
homogeneous solution either by dissolution of metal organic precursors in an organic 
solvent that is miscible with water, or by dissolution of inorganic salts in water; ii) 
conversion of the homogeneous solution into a sol by treatment with a suitable 
reagent (generally water with or without any acid/base); iii) aging; iv) shaping; and v) 
thermal treatment/ sintering [64]. These are schematically presented in Figure 8 .
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Figure 8 : A general overview of the sol-gel process [6 6 ].
Primary concerns in the sol-gel process are the control of the size, the chemical 
composition, and the microstructure of the ultrafine particles. Much effort has been 
made to produce small particles with controlled size and shape owing to their optical, 
electronic, and densification properties for their use as thin films, ceramics, 
composites, and catalysts. The sol-gel process can be varied through changes in
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solution chemistry and stabilization techniques to produce the desired particle 
morphologies. However, these processes are very complex and only partially 
understood.
2.2.3. Hydrolysis
The easiest way to prepare uniform colloidal metal (hydrous) oxides is based on 
forced hydrolysis of metal salt solutions [67]. It is well known that most polyvalent 
cations easily hydrolyse and that deprotonation o f coordinated water molecules is 
greatly accelerated by increasing the temperature. Because hydrolysis products are 
intermediates to precipitation of metal (hydrous) oxides, these complexes can be 
generated at the proper rate to eventually yield uniform particles by the adjustment of 
pH and temperature. In addition, anions other than the hydroxide ions can affect the 
homogenous precipitation o f metal ions [54].
To control the kinetics o f metal ion hydrolysis that will eventually result in uniform 
particles one may proceed in three different ways: (A) forced hydrolysis; (B) 
controlled release of hydroxide ions; (C) decomposition of organo-metallic 
compounds. Rather than to deprotonate hydrated metal ions, the hydrolysis of cations 
can be controlled by a slow release of hydroxide ions into a metal salt solution. The 
decomposition o f certain organic compounds, such as urea or formamide, has been 
extensively used for this purpose. In the case o f urea, the carbonate ion is produced 
accompanied by a simultaneous increase in the pH, which often leads to the 
precipitation of metal basic carbonates. The latter can be transformed to metal oxides 
by calcination, and if  the heating is carefully carried out, the morphology o f the 
particles is preserved [67].
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Figure 9: The Periodic Table showing a classification of the metals aecording to the 
formation of hydrolysis complexes in aqueous solution. Yellow -  do not hydrolyze, 
red -  hydrolyze at pH= 0, green -  hydrolyze at pH = 1-3, light grey -  hydrolyze at pH 
= 4-5, purple -  hydrolyze at pH = 6 - 8 , orange-hydrolyze and form anionic/polymeric 
species, blue -  hydrolyze and form “yl”-ions, dark grey -  no data available [6 8 ].
Metal ions in aqueous solution behave as Lewis aeids. The positive charge on the 
metal ion draws electron density from the O-H bond in the water. This increases the 
bond's polarity making it easier to break. When the O-H bond breaks, an aqueous 
proton is released producing an acidic solution.
The ability of hydrated metal ions to hydrolyze depends on the charge and size o f the 
metal ion. Small and highly charged metal ions are very prone to hydrolysis. An 
increase in pH usually facilitates the hydrolysis. All hydrated metal ions in aqueous 
solution can be divided into several groups depending on their ability to hydrolyse 
(Figure 9) [6 8 ].
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2.2.4. Urea -  assisted precipitation
In order to achieve precipitation from aqueous solutions supersaturation must be 
attained without causing significant concentration gradients; i.e., a homogeneous 
increase of the hydroxide or metal ions. An increase in the solution pH, as a way to 
attain supersaturation, can be accomplished by the progressive transformation o f a 
precursor that releases OH'. To this purpose urea has been selected in this study as a 
precipitation regent. Urea, an organic compound, is a very weak Bronsted base which 
is highly soluble in water and the hydrolysis can be controlled by varying the 
temperature. During the decomposition of urea, COg^' and OH' are produced, which is 
accompanied by an increase in the pH, leading to the precipitation of metal basic 
carbonates and hydroxides.
The role of urea as the precipitating ligand (anion) to a solution containing the metal 
cation is an important one. If a precipitating ligand is added directly by simply 
pouring one solution into another then there is little control of the chemical processes 
during precipitation because of the large and inhomogeneous gradients in solution 
concentration. If however, the ligands are generated ‘in situ’ simultaneously and 
uniformly throughout the solution, i.e. in a homogeneous precipitation process, a 
better control o f chemical and morphological characteristics can be achieved. The 
thermal decomposition of urea forms ammonia and thereby generates OH” ions. 
Monodispersity of the precipitated particles results from initial particle nucléation 
followed by a uniform growth process, (e.g. according to the LaMer theory [69]). The 
primary particles resulting from such a nucléation process are usually monodisperse 
and several nanometers in size. Amorphous precipitates such as aluminium hydroxide 
usually consist of spherical particles whereas crystalline precipitates often consist o f 
faceted particles. Ageing of such a solution usually leads to agglomeration o f the 
primary particles to form densely packed agglomerates. The agglomerates often have 
a fairly narrow size distribution and tend to be spherical in the case o f amorphous 
precipitates where there is no ordering force such as a dipole moment or a difference 
in the surface energy between the crystal facets o f the primary particles. Agglomerate 
diameters up to 1 micron are frequently obtained [70].
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2.2.5. The Pechini method
The Pechini type polymeric gel method or polymerisable complex (PC) method is 
considered to be one of the easiest and most elegant methods in the wide range o f sol- 
gel techniques. The implementation of this technique requires only inexpensive 
chemicals, a beaker, a stirrer, a hot plate and a furnace. It is not sensitive to the 
presence o f water, does not require inert atmosphere and even without careful control 
of sol-gel processing time and conditions, outstanding homogeneity is still achieved 
[65]. The origin of this method dates back to the Pechini patent (Pechini, 1967). 
Suitable metal salts are introduced into ethylene glycol (EG) after dissolution o f citric 
acid (CA) which is added in a large excess to form a metal-citrate complex. Elevation 
of the processing temperature to 100-130 °C speeds up the formation of polyester due 
to the reaction of between the free citric acid and the ethylene glycol. The basic idea 
therefore is the in-situ polymerisation o f monomers introduced into the solution in 
addition to the required metal cations (estérification reaction between glycol and 
multifunctional carboxyl acid). The viscosity o f the solution is drastically increased 
during the polymer chain augmentation and is often referred to as gelation. During the 
first stage of polymer growth, the solution provides the necessary environment to 
prevent cation segregation and later on, the relatively rigid polymer network traps 
cations and preserves the initial homogeneity o f the solution. The polymerisable 
complex method can be summarised as a method with two distinct features, formation 
of stable metal complex in the solution and preservation of atomic scale homogeneity 
achieved in the solution by the use of a polymer to hinder the ion mobility and prevent 
segregation.
2.3. Template assisted nanowire synthesis
C. R. Martin in 1996 [28] pioneered the term “template synthesis” to describe a 
method in which the pores of a nanoporous membrane act as templates for the 
synthesis of nanostructures of a desired material. However, research works on the 
same principle, i.e. the application o f a nano-porous material as a template to cast a 
desired material and obtain nanosized materials, preceded Martin by several decades.
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G. E. Possin [71] reported as early as 1970 the fabrication of In, Sn and Zn nanowires 
as small as 40 nm and 15 pm in length utilising a mica porous template technique 
reported by Price and Walker in 1962 [72] and electroplating. This early nano­
templates were produced by etching tracks which formed on thin samples after being 
exposed in high energy charged particles. This synthetic approach has been applied to 
the formation of nanowires, metal nanostructures and hollow metal tubules, 
conductive and insulating polymers, and semiconductors via a range of techniques 
such as electroless and electro-deposition, chemical vapour deposition, electron-beam 
evaporation, polymerization and sol-gel. Sol-gel chemistry has emerged over the years 
as a powerftil tool for the preparation o f inorganic materials such as glasses and 
ceramics [65].
Despite the fact that the sol-gel template assisted technique was proposed 15 years ago 
[28], numerous publications are still concerned with the synthesis of metal-oxide 
nanowires and nanotubes through this technique today, indicating both research 
interest in low dimensional metal-oxides such nanowires and nanotubes but also the 
versatility of the synthesis method which is manipulated to yield technological 
interesting materials. Indicatively, a number of metal oxide nanowires and nanotubes 
have been prepared by sol-gel techniques inside an anodic aluminium oxide (AAO) 
nanoporous array including, such as TiOi [73], ZnO [74], Zr0 2  [75], Nd2 0 3  [76] and 
Ce0 2  [77, 78]. However, despite the potentially enhanced properties o f Ce0 2  and Ce- 
containing nanowires publications reporting a direct and cost-effective synthesis 
method are limited.
2.3.1. Template materials
There are several types o f membranes that can be used for the synthesis of nanotubes 
and nanowires. The most commonly used are radiation track-etched polycarbonate 
(PC) membranes [79] and AAO [28]. Other membranes also used include 
nanocharmel arrays on glass [80], radiation track-etched mica [71], mesoporous 
materials [81], porous silicon by electrochemical etching o f silicon wafer [82], 
zeolites [83] and carbon nanotubes [84]. Bio-templates have also been exploited for 
the growth of nanowires and nanotubes.
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2.4. Cerium oxide
With a high abundance, cerium oxide (Ce0 2 ) is a technologically important material 
due to its wide applications as a promoter in three-way catalysts (TWCs) for the 
elimination o f toxic auto-exhaust gases, low-temperature water-gas shift (WGS) 
reaction, oxygen sensors, oxygen permeation membrane systems, fuel cells, glass- 
polishing materials, ultraviolet absorbent, as well as biotechnology, environmental 
chemistry, and medicine [85].
Cerium oxide and cerium-containing materials have come under intense scrutiny as 
catalysts and as structural and electronic promoters of heterogeneous catalysis. 
Undoubtedly, the utilisation o f Ce0 2  as a key component in three-way catalysis 
(TWC) for the treatment o f automobile exhaust gas constitutes its most important 
technological application from an economical viewpoint [8 6 ]. Since the beginning of 
the 1980s, the use of Ce0 2  in automotive pollution control has become so broad as to 
represent today the most important application o f the rare earth oxides. The 
development of the TWCs was dictated by the need to simultaneously convert the 
hydrocarbons (HCs), CO and NG^ c present in the automotive exhaust to H2O, CO2 and 
N2 . The conventional TWCs employed in the late 1980s mostly contained Rh and Pt 
as active noble metals and Ce0 2  as oxygen storage component [10]. Ceria is presently 
used in a large number of industrial processes with most important being the treatment 
o f emissions from internal combustion engines where ceria-based materials have been 
used in the past 25 years. The reason for the successful use o f ceria in catalysis and 
especially in three-way catalysts (TWCs) is connected to its ability to undergo easy, 
fast, and reversible reduction to sub stoichiometric phases. The most important action 
in TWCs is to take up and release oxygen following variations in the stoichiometric 
composition o f the feed stream. When doing this, ceria is continuously and rapidly 
subjected to reduction and oxidation cycles with its oxygen composition alternating 
between CeÛ2 and Ce0 2 -x- This function is called oxygen storage/release capacity or 
more generally it is referred to as redox behaviour which accounts for all the 
characteristics of the reduction and oxidation processes of CeÛ2 [87]. Pure 
stoichiometric Ce0 2  has the calcium fluoride (fluorite) type o f structure with space
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group Fm3m over the whole temperature range from room temperature to the melting 
point.
2.4.1. Structural modifications of ceria -  doping
One o f the most important applications o f ceria has been has been as an active 
component in three-way catalysis (TWO), oxidation o f CO and hydrocarbons (HC) 
and reduction of (NO)x, for automotive exhausts. Ceria’s role in these multi- 
component systems is to provide surface active sites and to act as oxygen 
storage/transport medium by shifting between Ce^^ and Ce"^ "^  under reducing and 
oxidising conditions respectively. Ceria’s properties can be strongly enhanced if  
foreign cations such as Zr or trivalent lanthanides such as Sm, La or Gd, are 
introduced into the CeOi lattice by forming solid solutions. Furthermore, at elevated 
operating temperatures for prolonged periods, sintering o f the fine particles of 
precious metals, alumina supports and ceria occurs causing the thermal deactivation 
o f the TWC. Current requirements for these materials are thermal stability and 
durability at around above 1000 °C. CeOi powder sinters readily at elevated 
temperatures, although it is a good refractory oxide with a high melting point.
2.4.2. Zr-doping
The addition of Zr to ceria is effective in inhibiting the sintering process through 
improving the thermal stability of metal oxide [8 8 ]. Since 1995, Ce0 2 -Zr0 2  mixed 
oxides have gradually replaced pure Ce0 2  as oxygen storage capacity (OSC) 
materials in the TWCs, showing the beneficial role o f Zr addition in the thermal 
stability and reduction properties o f ceria. This occurs through structural 
modifications of the fluorite-type lattice o f ceria as a consequence of the substitution 
of Ce"^ "^  (ionic radius 0.97Â) with Zr"^ ”^ (ionic radius 0.84 Â) shown schematically in 
Figure 10. The effect o f this substitution is to decrease the cell volume, lowering the 
activation energy for oxygen diffusion within the lattice and consequently favouring 
reduction. The introduction of Zr also enhances the formation of structural defects and 
oxygen vacancies [87].
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Figure 10: Schematic representation of the ceria unit cell, showing Ce substitution by 
a divalent or trivalent cation (black sphere) and an oxygen vacancy (yellow sphere) 
[85].
2.4.3. Lanthanide doping
Replacing Ce"^  ^ with divalent or trivalent cations results in the creation of oxygen 
vacancies and high oxygen ionic conductivity over extended temperature and oxygen 
partial pressure ranges [89][90, 91]. Among the various dopants studied, Gd^^ and 
Sm^ "^ , singly or co-doped ceria, have been reported to have excellent ionic 
conductivity and to be relatively stable in a reducing environment [90]. It has also 
been proposed that when the dopant ion has a radius closest to the critical radius, the 
doped eeria will have the highest electrical conductivity [91]. The doping of Sm ion 
among rare-earth oxides (ionic radius of 1.08 Â) gives the maximum electrical 
conductivity. The maximum electrical conductivity for this radius of the dopant ion is 
due to the similar ionic radius as the host ion, resulting in the minimum association 
enthalpy between the dopant ion and oxygen vacancy [91].
2.5. Nanostructured eeria
Nanostructured CeOi has attracted much attention due to improvements in the redox 
properties, transport properties and surface to volume ratio with respect to the bulk
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materials [85]. The large surface area to volume ratio of nanoparticles, nanowires or 
nanotubes increases available sites for adsorption in catalysis and gas sensing 
application. For example, ceria nanoparticles (3-4 nm) on supporting Au, are two 
orders of magnitude catalytically more active for CO oxidation compare to a Au/bulk 
cerium oxide support. Ceria nanoparticles with a similar size were also shown to 
supply reactive oxygen from the NPs to the supported gold species. Therefore, the 
reactivity of ceria can be improved by controlling its size and shape [85]. Moreover, 
nanocrystalline CeÜ2 materials also possess some other new properties compared to 
their bulk counterparts, such as enhanced grain dependent electronic conductivity 
[92], Raman-allowed modes shifting and broadening, size-induced lattice relaxation, 
pressure-induced phase transformation, and a blue shift in the absorption, into the 
ultraviolet region [93].
2.5.1. ID ceria and ceria based materials
Recently there has been an increased interest in the synthesis, enhanced properties and 
applications of ID ceria and ceria based materials such as nanowires and nanotubes. 
Synthesis methods are mostly chemical methods which include, hydrothermal, 
alcohothermal, and template-assisted sol-gel methods. Indicatively in chronological 
order. La et al (2004) used Ce(N0 3 ) 3  in oxalic acid to produce nanowires of 60 nm in 
diameter; Wu et al (2004) reported in a cerium nitrate based sol-gel method inside the 
pores of AAO, using urea as the hydrolysis medium to fabricate nanowires 70 nm in 
diameter. [77]; Yang et al (2005) reported the synthesis o f single crystal cubic ceria 
nano wires via a hydrothermal method; Yan et al reported in the same year, ceria 
nanowires produced via a surfaetant assisted alcohothermal method [94] as did 
Vantomme et al [95]; Pu et al (2007) reported fast humidity gas sensors based on 
Ce0 2  nanowires obtained via a hydrothermal method [96]. Inguanta et al (2007) 
reported the electrochemical deposition of nanocrystalline Ce0 2  nanotubes with an 
aspect ratio of ~3; Zuwei et al (2007) synthesised Ba-doped Ce0 2  nanowires and 
demonstrated their applicability as humidity sensors [97]; Chen et al (2009) produced 
Zr-doped ceria nanotubes via a hydrothermal method which are active for oxygen- 
storage and for ethanol reforming [98]; Zhang et al (2009) reported ceria-zirconia- 
yttria nanorod like solid solutions [99]; Ying et al (2010) reported samarium-doped
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ceria nanowires for low temperature solid oxide fuel cells, obtained via a 
hydrothermal method; Hua et al (2012) prepared ceria nanotubes with enhanced 
catalytic activity attributed to an enhancement of the surface activity caused by Ce^^ 
ions [100]; most recently (2013) Zhang et al reported ceria nanotubes decorated with 
Au with significantly high catalytic activity for the reduction of nitrophenol [101].
2.6.
Alumina plays a key role in many technologies due to its remarkable properties, such 
as a high melting point, hydrophobicity, high elastic modulus, high optical 
transparency and high refractive index, as well as thermal and chemical stability, low 
surface acidity, and fine optical and dielectric characteristics. y-Al2 0 3 , as a low- 
temperature metastable polymorph o f alumina, is one of the most important oxides 
and also the most common form of activated alumina, which is widely used as a 
catalyst and catalyst support of transition element clusters in the automotive and 
petroleum industries [1 0 2 ].
y-Al2 0 3  is often formed via dehydration of boehmite (y-AlOOH) in the temperature 
range of 400-700 °C, depending on the nature of the precursors used. During heating, 
the boehmite nanostructures undergo an isomorphous transformation to 
nanocrystalline y-Al2 0 3 , and the products can retain the morphology o f the parent 
boehmite nanostructures. The research interest in nanocrystalline alumina in particular 
derives from its novel properties such as high elastic modulus, thermal and chemical 
stability, and optical characteristics. Recently, various ID boehmite, y- and a-Al2 0 3  
nanomaterials have been reported such as nanotubes [103], nanorods [104], 
nanofibers [105], hexagonal nanoplatelets [106], nanowires [107], nanospheres [108] 
and nanoleaves [109] demonstrating the continuous research interest in y- and a- 
AI2O3 nanomaterials. However limited work exists on the synthesis o f doped alumina 
nano wires and nanotubes.
The most common method for obtaining ID alumina materials is via hydrothermal 
processes. Indicatively, Zhu et al (2002) used a surfactant-induced fibre formation 
(SIFF) process to obtain y-Al2 0 3  nanofibers prepared from aluminium hydrate and
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poly(ethylene oxide) [105]. Hou et al (2005) synthesised y -AlOOH nanotubes and 
nanorods via a hydrothermal method [110]. He et al (2007) obtained y-AlOOH 
nanorods using via a hydrothermal method using H2SO4 as the morphology-directing 
agent. Lu et al in 2009, synthesised crystalline y -A1203 nanotubes via a hydrothermal 
method which exhibited a higher catalytic activity compared to y-Al2 0 s nanoparticles 
[102]. y -AI2O3 nanotubes can be fabricated by etching a porous alumina membrane 
[1 1 1 ] or by atomic layer deposition over organic/inorganic nano wires [1 1 2 ].
2.7. Summary
The unique geometrical structure of anodic aluminium oxide (AAO) is described by a 
self-organised closed-packed array o f pores of adjustable diameter ( 2 0  to 2 0 0  nm), 
periodicity (50 to 400 nm) and packing density (10^-10^^ cm'^). Therefore, AAO is an 
ideal template material and cost-effective alternative to nano-lithography for the 
fabrication of nanodots, nanotubes and nanowires. Ce0 2  is one of the most reactive 
rare earth metal oxides and has been used as a promoter or support in industrial 
catalytic processes. Due to its high oxygen storage capacity (OSC) associated with 
rich oxygen vacancies, low redox potential between Ce^^ and Ce"^ ,^ its good ion 
conductivity, thermal stability and strong ultraviolet light absorption, Ce0 2  has been 
utilized in three-way-catalysis, solid oxide fuel cells solar cells, UV blocking, gas 
sensing and corrosion protection.
Nanostructured Ce0 2  materials, such nanowires, nanotubes and nanoparticles have a 
large surface-area-to-volume ratio which increases available sites for adsorption in 
catalysis and gas sensing applications. Hence reactivity o f ceria can be improved by 
controlling its size and shape and so in addition to nanowires and nanotubes, other 
complex 3D architectures need to be investigated.
Furthermore, replacing Ce"^ "^  with divalent or trivalent cations results in the creation o f 
oxygen vacancies and high oxygen ionic conductivity over extended temperature and 
oxygen partial pressure ranges. Therefore doped- Ce0 2  is o f great interest in the areas 
o f catalysis and gas sensing. However, despite the technological importance o f such 
materials limited publications are available which in their majority are concerned with
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hydrothermal methods. In this study, an alternative template-assisted sol-gel route is 
exploited.
Alumina is also an important material due to its remarkable properties, such as a high 
melting point, high elastic modulus, high optical transparency and high refractive 
index, thermal and chemical stability, low surface acidity, and fine optical and 
dielectric characteristics. Various ID boehmite, y- and a-AliOg nanomaterials have 
been reported such as nanotubes, nanorods demonstrating the continuous research 
interest in y- and a-AliO] nanomaterials. Despite the fact that the beneficial effects of 
lanthanide additions to the thermal and structure stability o f y-AliOg have been 
successfully demonstrated, studies describing the synthesis of Ce-doped y-AliOg 
nanowires have not been reported, for sol-gel or other solution-derived y-AliOg 
nanomaterials (particles, membranes).
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Chapter 3. Experimental background: 
Synthesis and Characterisation methods
3.1. Introduction
This study is concerned with the fabrication of nanostructures and nanomaterials via 
the implementation of electroehemistry methods (i.e. anodisation o f Al) ‘soft’ 
chemical routes (i.e. sol-gel) and physical vapour deposition methods (i.e. HPPMS). 
The characterisation o f materials in the nanoscale however, is challenging and 
requires state-of-art techniques and devices. A number o f advaneed characterisation 
techniques have been employed in order to determine the morphology and structure 
such as SEM, TEM, STEM, EELS, SAED, EDX, AFM, XPS, XRD, GAXRD and 
HT-m situ XRD. In this Chapter a comprehensive background on all characterisation 
techniques is given, as well as all experimental techniques, parameters and protocols 
used.
3.2. Characterisation techniques and sample preparation
3.2.1. Scanning Electron Microscopy (SEM)
The scanning electron microscope (SEM) is the most widely used type of electron 
microscope. It examines microscopic structure by scanning the surface o f materials. 
An SEM image is formed by a focused electron beam that seans over the surface area 
o f a specimen; it is not formed by instantaneous illumination of a whole field as for a 
TEM. Perhaps the most important feature o f an SEM is the three-dimensional 
appearance o f its images because of its large depth o f field.
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A schematic diagram of a scanning electron microscope (SEM) is given in Figure 11. 
The process principally involves the generation of an incident beam of electrons 
accelerated towards the sample surface often through several tens o f keV. Modem 
SEM systems require that the electron gun produces a stable electron beam with high 
current, small spot size, adjustable energy and small dispersion. Several types of 
electron guns are used with tungsten commonly used as a filament material. Besides 
tungsten, the filament can be a lanthanum hexaboride (LaBg), a Schottky emitter, or a 
tungsten field-emission tip [113]. The eleetron gun operates typically over a voltage 
range of 5-30 keV. The primary beam is scanned over the sample surface and 
secondary or backscattered electrons emitted from the surface are collected by a 
scintillator crystal which converts electron impacts into light photons which are then 
transmitted by a light pipe to the photomultiplier. The resulting signal is amplified and 
scanned to form a visual image on a computer screen. To avoid substantial electron 
collisions with gas atoms, the SEM column operates at vacuum pressures lower than 
10’^  Pa. To achieve good spatial resolution, the diameter of the scanning electron 
beam has to be small. Small electron beams and higher resolutions are achieved by 
optimising both the electron beam path down the column and the beam shape and 
finally adjusting the condensor lens aperture size. Electron probes o f sizes dovm to 
6 nm are achieved with conventional thermionic emission sources although smaller 
probes, down to 1 nm require higher intensity, coherent field emission sources.
Due to the very narrow electron beam, SEM micrographs have a large depth o f field 
yielding a characteristic three-dimensional appearance useful for understanding the 
surface structure o f a sample.
SEM analysis provides information regarding the species present at varying depths of 
the sample : (i) Elastic scattering of electrons by atomic nuclei of the sample results in 
Back Scattered electrons (BSE) -useful for generating images based on Z-contrast; 
(ii) Inelastic scattering o f electrons by sample atoms results in low-energy secondary 
electrons -  useful for providing topographic information regarding the sample 
surface; (iii) Inelastic scattering o f electrons by sample atoms results in X-ray 
generation (characteristic and Bremsstrahlung background X-rays) from lower sample 
depths -  useful for chemical analysis of the bulk sample; (iv) Inelastic scattering
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results in Auger electrons emitted from sample atoms near the sample surfaee -  useful 
for surfaee chemical analysis [114].
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Figure 11: Schematic diagram of scanning electron microscope [115].
3.2.2. Transmission Electron Microscopy (TEM)
One of the most powerful instruments for investigating the micro structure of materials 
is a transmission electron microscope (TEM) which enables examination to the 
nano scale in specimens which are sufficiently thin. The technique involves the 
transmission of an electron beam through an ultra-thin specimen. Analogous to 
throwing a baseball o f varying speeds through a wall, the relative degree of 
penetration through a particular sample is governed by the energy o f the electron 
source. That is, higher energy electrons {e.g., 200 keV vs. 100 keV) will be more 
penetrating, allowing for the characterisation of thicker and/or less transparent 
samples. In general, increasing the thickness of a sample, or decreasing the energy 
{i.e., accelerating voltage) of the electron beam, will induce more scattering events 
through more effective interactions between the electron beam and atoms of the 
sample. This effect will enhance image contrast, since there is a larger deviation 
between the path lengths of transmitted and scattered electrons that reach the viewing
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screen [114]. The maximum transmittable thickness depends upon the atomic number 
of the material and is typically within the range of 250 to SOOnm [116]. However, the 
higher the electron energy, the better the transmission through the specimen and this 
has led to the construction of instruments with accelerating voltages in the range 1 0 0  
keV to 3MeV. However, optimisation of instruments in terms of benefit and cost led 
to current generation instruments having accelerating voltages in the range 1 2 0 ^ 0 0  
keV [116]. In addition to analysis down to atomistic level, many TEM instruments 
have the capability to undertake analysis, both physical and chemical, on micro-areas 
of the specimen. This capability was made feasible by the extension of the 
transmission electron microscope, the scanning transmission electron microscope 
(STEM) which will be described in Section 3.2.3.
In a typical TEM the evacuated column contains an electron source such as a tungsten 
filament or LaB^ crystal, together with an assembly of electromagnetic (condenser, 
objective and projector) lenses. TEM instruments use large accelerating voltages of 
120 keV to 500 keV, and a highly focused beam to allow observations down to an 
atomic level. Specimens have to be sufficiently thin (i.e. a few tens of nm, or less, 
ideally) to facilitate transmission of the electron beam without extensive energy loss. 
Incident electrons interact with solid atoms within the specimen and take one of three 
forms; transmitted or unseattered, elastically scattered (no-energy loss) or in- 
elastically scattered (high energy loss) (Figure 12).
Incident beam e-
X-ray
Cathodaluminescence
Augere- Secondarye-
interaction volume sample
Elastically scattered e- In-elastically scattered e-
Transmittede-
Figure 12: Schematic representation of interaction o f an incident beam with a thin 
specimen.
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If the transmitted (or undiffracted) beam is selected to form the image, it is referred to 
as bright-field imaging (Figure 13a); In eontrast, selection of strongly diffracting 
regions of the sample, which would appear brighter than the transmitted beam, is 
known as dark-field imaging (Figure 13b) [114].
Since the wavelength of an accelerated electron in a TEM can reach 0.0037 nm and 
0.0025 nm at 100 kVand 200 kV respectively, it is much smaller than an X-ray beam 
which has a typical 1=0.15406 nm. Thus, the Ewald sphere (radius: 1/2) is 
significantly larger for electron diffraction relative to X-ray diffraction studies. As a 
result, electron diffraction yields much more detailed structural information of the 
crystal lattice. Information such as lattice parameters and atomic positions in a crystal 
may be obtained through analyzing the in situ electron diffraction pattern from a 
specimen size of ca. >400 nm (>100 nm for a field emission source). This technique 
is denoted as selected area electron diffraction (SAED) [114].
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Figure 13: Schematic representation of (a) bright-field and (b) dark-field imaging. 
The image of the speeimen is formed by selectively allowing only the transmitted 
beam in the case of bright field imaging and diffracted beam in the case of dark-field 
imaging down the microscope column by means o f aperture [116].
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Sample preparation techniques to obtain an electron transparent specimen include ion 
beam milling, ultra-microtomy and electrochemical polishing. Materials that have 
dimensions small enough to be electron transparent, such as thin films (thickness < 
1 0 0  nm), nanosized powders or particles can be quickly produced by directly 
depositing them onto support grids or substrates containing electron transparent layers 
(e.g. carbon) or membranes (e.g. Si3N4). Fumeaux et a l { \ \ l ]  reported an alternative 
technique for the preparation o f TEM samples, by cutting ultra-thin slices o f an 
appropriately dimensioned sample, using a bench top cutter. A focused ion beam 
(FIB) can also be utilised for the preparation of thin samples for TEM examination by 
slicing a thin section from a larger specimen.
3.2.3. Scanning transmission electron microscopy
An imaging mode that merges both SEM and TEM is also possible on most modem 
TEM instruments. This method, referred to as scanning transmission electron 
microscopy (STEM), uses a LaBg source that produces a focused electron beam with a 
high current density and extremely small diameter. Instead of monitoring the 
transmitted electrons from a static beam as performed in standard TEM imaging, the 
beam within a STEM is scanned across the sample -  analogous to SEM. Due to a 
higher beam intensity, thicker samples may be analyzed in a STEM; furthermore, 
staining is generally not necessary for low-Z elements due to a higher sensitivity to 
sample density/composition [114]. The majority o f STEM instmments are simply 
conventional TEMs with the addition of scanning coils. As a result, these 
“nondedicated STEMs” are capable o f TEM/STEM, as well as SEM imaging for 
thicker samples. The development of HRTEMs and “dedicated” STEMs with lens 
aberration correction, have now pushed the resolution limits to as low as 0 .1  nm, i.e., 
1Â [114].
In a dedicated STEM, high-angle (elastically) scattered electrons are separated from 
inelastic/unscattered electrons through use of a high-angle annular dark-field 
(HAADF) detector. Since the incoherently scattered electrons are related to elastic 
scattering, they are directly related to the structure and chemical composition o f the 
feature being imaged. In particular, the incoherent scattering of an electron is
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described by the Rutherford equation. This equation predicts that the intensity o f the 
scattered electrons, and resultant image contrast, is strongly dependent on atomic 
number o f the sample atoms. Hence, HAADF-STEM is also referred to as Z-contrast 
imaging [114].
3.2.4. Energy-Loss Electrons (EELS)
In order to increase the sensitivity toward the detection of light elements, a technique 
known as electron energy-loss spectroscopy (EELS) may be utilised. This method 
may be carried out within a (S)TEM, and consists o f monitoring the loss in energy 
(due to inelastic scattering) of the beam electrons as they pass through the sample 
[114]. Electron energy losses occur when electrons are reflected or scattered from a 
solid and they were originally investigated by Rudberg (1927) [116]. Some electrons 
will have undergone only inelastic scattering; that is, they will have lost some amount 
of energy without a significant change in trajectory and will therefore be contained in 
the transmitted beam along with the unscattered electrons. The amount of energy the 
electrons have lost during inelastic scattering will be a function of the scattering event 
they have undergone. These electrons are termed energy loss electrons and can be 
used for imaging in the STEM mode or for chemical microanalysis [118]. An energy- 
loss spectrometer can be interfaced easily to most commercial STEM instruments, 
thus complementing the chemical analysis system.
Since it is more difficult to focus X-rays relative to electrons with appropriate lenses, 
the collection efficiency for EELS is ca. 80-90%, relative to 5-6% for EDS. This 
leads to a greater sensitivity and spatial resolution for EELS, with elemental mapping 
o f ca. > 2Â.The intensity is greater than EDS for light elements since the signal 
generated by EELS represents the total sum of the number of X-ray photons and 
Auger electrons emitted from the sample. This technique is useful for elements with Z 
>1, and like EDS, is amenable for elemental mapping of a sample surface [114]. A 
typical EELS spectrum is shown in Figure 14 (a) which contains three clearly 
identifiable energy regions, where there is no loss, low loss and core loss o f 
momentum and energy.
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Zero losses -  This energy region eontains the zero-loss peak which contain 
contributions from electrons that are not scattered on passing through the specimen, 
elastically scattered electrons and those electrons that generated a phonon excitation. 
Low losses - This energy region extends over a range from the edge of the zero-loss 
peakto about 50eV and contains the plasmon loss peak. Here the energy losses area 
result of electrostatic interactions with the electrons. The energy loss structures are a 
consequence of either the excitation or ionisation of electrons from various hound 
states.
Core losses - It is in this energy region, extending 50 eV upwards, that the energy 
losses arise from the inelastic interactions with the inner atomic shells of the specimen 
atoms whereas the background intensity results from valence shell excitations. At 
higher energy losses, an EELS spectrum will exhibit a variety of sharp features known 
as “edges,” which are diagnostic for the presence of specific elements. The positions 
of the edges correspond to the binding energies of the core electrons in the sample. 
Once the background is subtracted, the area under each edge peak(s) is integrated in 
order to determine the elemental concentrations. For elemental analysis both the 
energy and the shape of the edge in the spectrum are used. A representative EELS 
spectrum for a CeO] sample surface is shown in Figure 14 (h).These edges are also 
called white lines as they were originally observed as overexposed regions on the 
photographic film originally used to record x-ray-ahsorption spectra [119].
3
surface of particle
2
Interior of particle ! 
M5 /M4  = 0.85
3
8
1
0
880 900
energy loss (eV)
920 940
(a) (b)
Figure 14: (a) A schematic diagram of typical eleetron energy-loss spectrum showing 
the main characteristic features [116]; (h) Background-subtracted Ce M4,sedge [120].
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In addition to detecting/quantifying particular elements in a sample, EELS also 
provides detailed elemental information such as the electronic structure, bonding, and 
nearest neighbour distribution of the atoms in the sample [114]. EELS experiments 
have shown that, a change in the valence states o f cations introduces significant 
variation in the intensity ratio o f the white lines. It is thus possible to identify the 
occupation number of 3d or 4d electrons (or cation valence states) using the measured 
white line intensities which is sensitive to their oxidation state [121]. Therefore these 
near edge fine structures can be used to extract valence information in rare earth 
materials. For example, according to a series o f Ce oxide standards containing Ce^^ 
and Ce"^ ”^ ions, a Ce M4,$ edge that has two high-energy satellite peaks just above the 
L2 and L3 white lines in the M4,s is a feature of Ce"^ ”^, that is absent in the Ce^ "*" ion. 
(Figure 14(h)). The amount o f trivalent and tetravalent Ce can be quantified with the 
appropriate standards [1 2 2 ].
3.2.5. Selected-area electron diffraction (SAED)
Due to the high spatial resolution and predictive scattering modes, TEM is often 
employed to determine the three-dimensional crystal structure of solid-state materials 
and electron diffraction yields much more detailed structural information o f the 
crystal lattice in relation to X-ray diffraction. Information such as lattice parameters 
and atomic positions in a crystal may be obtained through analyzing the in situ 
electron diffraction pattern of a specimen. This technique is denoted as selected area 
electron diffraction (SAED) [114].
In SAED, an aperture (appropriately termed the selected-area aperture) is moved into 
the column to limit the area of the specimen from which a diffraction pattern is 
obtained. Proper positioning of the aperture selects the region from which the pattern 
will he obtained. The diameter of the selected-area aperture can he varied, but 
diffraction effects from the edge of the aperture limit the minimum area o f the 
specimen from which a SAED diffraction pattern can he generated to a region 
approximately 0.5 pm in diameter. Any o f three types o f electron-diffraction patterns 
can be generated: (i) ring patterns from fine-grained polycrystalline materials in
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which diffraction occurs simultaneously from many grains with different orientations 
relative to the incident beam; (ii) spot patterns in whieh diffraction occurs from a 
single-crystal region of the specimen; and (iii) Kikuchi line patterns in which 
diffraction occurs from a single-crystal region of the specimen, which is sufficiently 
thick that the diffracting electrons have undergone simultaneous elastic and inelastic 
scattering, known as Kikuchi scattering. Ring patterns arise when many randomly 
oriented fine grains contribute to the observed diffraction pattern. Similar to powder 
x-ray analysis, electron diffraction patterns can he used to identify unknowns or to 
characterize the crystallographic nature o f a crystalline material. Using the diffraction 
pattern and dark field image, the crystal structure and grain size of the material can be 
determined [118].
3.2.6. Energy Dispersive X-ray Analysis (EDX)
This technique is used in conjunction with SEM or a STEM. An electron beam 
strikes the surface of a conducting sample. The energy o f the beam is typically in the 
range 10-20keV. This causes X-rays to he emitted from the point the material. The 
energy of the X-rays emitted depends on the material under examination. The X-rays 
are generated from a region o f about 1-2 microns in depth, and thus EDX is not a 
surface science technique. By moving the electron beam across the material an image 
of each element in the sample can be acquired. Elements of low atomic number can be 
difficult to detect by EDX, as the SiLi detector is often protected by a Beryllium 
window. The absorption of the soft X-rays by the Be precludes the detection of 
elements below an atomic number of 11 (Na). In windowless systems, elements with 
as low atomic number as 4 (Be) have been detected, but the signals are weak and get 
progressively worse as the atomic number is reduced.
3.2.7. Atomic Force Microscopy (AFM)
An AFM is rather different from other microscopes, because it does not form an 
image by focusing light or electrons onto a surface, like an optical or electron 
microscope. An AFM physically ‘feels’ the sample’s surface with a sharp probe.
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building up a map o f the height of the sample’s surface [123]. AFMs probe the sample 
and make measurements in three dimensions, x, y, and z  (normal to the sample 
surface), thus enabling the direct acquisition of three-dimensional images from a 
sample surface. This offers a great advantage over other microscope techniques. With 
good samples (clean, with no excessively large surface features), resolution in the x-y 
plane ranges from 0 .1  to 1 .0  nm and in the z direction is 0 .0 1  nm (atomic resolution) 
[124]. AFMs require neither a vacuum environment nor any special sample 
preparation, and they can be used in either an ambient or liquid environment.
The key element of the AFM is its microscopic force sensor. The most common force 
sensor is a cantilever. The tip is mounted at the end of a cantilever as shown in Figure 
15 (a). The force detection is based on a beam deflection method. The force between 
the tip and sample generates elastic bending o f the cantilever. The amount o f bending 
is monitored and recorded by position-sensitive photodiodes which are arranged in 
four quadrants. The photodiodes receive the laser beam reflected from the rear side o f 
the cantilever, which often has a thin metal coating, making it a mirror. Any small 
deflection of the cantilever will tilt the laser beam and change its striking position on 
the photodiodes. The difference between the two photodiode signals indicates the 
amount of cantilever deflection. The amount o f deflection, in turn, can be 
mathematically converted into the force on the tip, according to the elastic properties 
of the cantilever. The distance between the cantilever and the photodiodes is about 
three orders of magnitude greater than the length of the cantilever. Such an optical 
arrangement can greatly magnify the tip motion and provide extremely high 
sensitivity. Other methods have been used for detecting cantilever deflection, such as 
interferometry and piezoelectricity. The photodiode arrangement shown in Figure 15 
(a), however, is most commonly used because it is inexpensive, easy to use and 
acceptably accurate [125].
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Figure 15: (a) Schematic diagram of AFM set-up [126], (b) and (c) SEM image of a 
single beam with integrated tip [125].
There are two types of cantilever: single beam and triangular beam. A single-beam 
cantilever beam is usually made from silicon with dimensions of about 100-500//m 
long and 0.5-5//m wide [125] (Figure 15 (b) and (c)).The cantilever is typically 
silicon or silicon nitride with a tip radius of curvature on the order of nanometers. 
When the tip is brought into proximity of a sample surface, forces between the tip and 
the sample lead to a deflection of the cantilever according to Hooke’s law. Depending 
on the situation, forces that can he measured in AFM include mechanical contact 
force, van der Waals forces, capillary forces, chemical bonding, electrostatic forces, 
and magnetic forces [127].
Generally, the operational modes in an AFM can he divided into static or dynamic 
modes. In static modes, the cantilever statically deflects to a certain degree and the 
feedback loop maintains this set value of deflection during scanning. In the dynamic 
modes, the cantilever oscillates at a designated frequency, and the feedback loop tries 
to maintain a set value of amplitude of oscillation during scanning [125]. In static 
modes, the tip on the cantilever physically ‘touches’ the surfaee to be examined. Thus, 
static modes must he o f a contact type. The dynamic modes include both contact and 
non-contact types. The most widely used dynamic mode is the intermittent contact 
mode, also called the tapping mode. The tapping mode reduces possible damage to a 
sample during scanning and also can provide information on chemical and physical 
properties of the surfaee, in addition to topography [125].
65
3.2.7.I. Contact mode
In the static mode operation, the static tip deflection is used as a feedback signal. 
Because the measurement of a static signal is prone to noise and drift, low stiffness 
cantilevers are used to boost the deflection signal. However, close to the surfaee of the 
sample, attractive forces can be quite strong, causing the tip to 'snap-in' to the surface. 
Thus static mode AFM is almost always done in contact where the overall force is 
repulsive (Figure 16). Consequently, this technique is typically called 'contact mode'. 
In contact mode, the force between the tip and the surface is kept constant during 
scanning by maintaining a constant deflection.
Error Signal
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Figure 16: Schematic diagram of AFM contact (static) mode [126].
In contact mode, AFM electrostatic and/or surface tension forces from the adsorbed 
gas layer pull the scanning tip toward the surfaee. This can damage samples and 
distort image data. Therefore, contact mode imaging is heavily influenced by 
frictional and adhesive forces compared to the non-contact or tapping mode.
3.2.7.2. Non-contact mode
In the non-contact mode, the tip of the cantilever does not contact the sample surface. 
The cantilever is oscillated at a frequency slightly above its resonance frequency 
where the amplitude of oscillation is typically a few nanometers (<10 nm). The 
cantilever's resonant frequency decreases by the van der Waals force and by other 
long range forces extending above the surface (from Inm to lOnm above the adsorbed
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contaminant layer). During scanning the tip oscillates above the adsorbed contaminant 
layer on the surfaee rather than touching it. As the tip comes near the sample surface, 
the system detects variations in the resonant frequency or vibration amplitude. This 
decrease in resonance frequency combined with the feedback loop system maintains a 
constant oscillation amplitude or frequency by adjusting the average tip-to-sample 
distance. Measuring the tip-to-sample distance at each (x,y) data point allows the 
scanning software to construct a topographic image of the sample surface. Non­
contact AFM is preferable for measuring soft samples and will not suffer from tip or 
sample degradation effects that sometimes result from contact AFM.
3.2.7.3. Tapping mode
Tapping mode is a key advance in AFM which allows high resolution topographic 
imaging of sample surfaces that are easily damaged, loosely held to their substrate, or 
difficult to image by other AFM techniques. Tapping mode overcomes problems 
associated with friction, adhesion, electrostatic forces, and other difficulties that 
plague conventional AFM scanning methods.
Figure 17: Schematic diagram of the AFM tapping mode [126].
In tapping mode, also called intermittent contact mode, the cantilever is vibrated at or 
near its resonance frequency, and lightly taps the sample surfaee (Figure 17) with 
amplitude typically ranging from 20 to 100 nm. Owing to the force (van der Waals 
force, electrostatic force, etc) acting on the cantilever when the tip comes close to the 
surface, the amplitude of this oscillation is decreased as the tip gets close to the 
sample. An electronic servo maintains constant oscillation amplitude or frequency, as 
the scanner moves laterally across the surface. A split photodiode detector monitors
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the deflections of the laser light reflected from the tip of the cantilever. This mode 
maintains the high resolution capabilities of contact mode and reduces sample 
damage. Although there is mechanical contact, the contact is intermittent and no 
lateral frictional forces are applied to the sample damaging the material [128]. 
Tapping mode AFM images have a scan size ranging from 500 nm x 500 nm to 15 
pm X 15 pm.
3.2.8. X-ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy is very important technique for the determination of 
the chemical composition, bonding and electronic structure o f interfaces and surfaces 
(4-6 nm). One important application of XPS is to distinguish between the oxidation 
states of an element according to their different binding energies. The main 
application of this technique is in the study of chemical reactions which can occur at 
surfaces and interfaces of materials.
The physical principle of photoelectron spectroscopy is based on the photoelectric 
effect. The surface of a specimen is bombarded by photons of a well-defined single 
energy (mono enegetic/monochromatic x-ray beam), produced by an x-ray source 
whieh can either be a M gKa (1253.6 eV) or A lKa (1486.6 eV) source. The energy 
promotes photoemission of electrons from their orbitals and the energy of the ejected 
photoelectron is detected and measured [116]. The incident photon with energy hv is 
absorbed and a photoelectron (white circle) in the core level K is emitted [129] 
(Figure 18).
O  Ejected K  electron ( Is)
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Figure 18: Schematic diagram of the XPS process, showing photoionisation o f an 
atom by the ejection of a Is electron [129].
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When the excitation energy of the incident photon is higher than the binding energy of 
the eleetron, the electron will leave the sample with a kinetic energy Ek. This kinetic 
energy of the ejected electron, Ek, can be expressed as:
Ek = h v -  Eb -^
where v is the frequency of the incident photon. Eg the electron binding energy and (j) 
the work function. The work function (|), is the difference of the vacuum energy E^ ac 
and Fermi energy Ep (Figure 19). By measuring this energy Ej^and knowing the 
energy of the incident photoeleetron (hv) the electron binding energy EsyCan be 
determined. The binding energy of the core electrons is characteristic for each 
element and is determined by the attraction of the electrons to the nucleus. 
Determination of core electrons binding energies allows the identification of the atom 
and provides information on its chemical state. XPS is a surface characterization 
technique and can give the information only in the near surface due to the probability 
of emitted photoelectrons suffering energy loss by inelastic collisions before they 
escape from the surfaee, which increases as a function of distance travelled.
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Figure 19: Schematic representation of energy levels indicating Ey, Ef, <pand Eg.
XPS requires an ultra-high vacuum (< 10'^Pa) to avoid contamination of the specimen 
surfaee and avoid excessive photoeleetron interaction with residual gas atoms. 
Surface contamination of the sample can be removed by etching through the 
bombardment of argon ions (Ar^ = 3 keV). Heating and oxygen can also be used to
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remove hydrocarbons. The instrument normally consists o f a preparation chamber to 
carry out initial cleaning and specific experiments, and an analytical chamber with a 
photon source, an electron analyser and a detector together with an argon ion gun to 
clean and maintain the specimen surface. The specimen is introduced to the main 
chamber via a number of chambers, usually a load lock and a preparation chamber for 
initial cleaning of the substrate before entering the analytical chamber. This is to 
prevent contamination to the specimen surface. Sputter etching of the specimen 
surface is carried out in the analytical chamber to remove contaminants, such as 
oxygen, from the exposure of the surface in atmosphere.
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Figure 20: Schematic diagram of an X-ray photoeleetron spectrometer [130].
Once the specimen is located in the analytical chamber, it is bombarded by the photon 
source. Ejected photoelectrons are focused by an electrostatic lens system, on the 
entrance slit of an electrostatic analyser. Subsequently, the electrons pass through the 
analyser (Figure 20). The electrons may be retarded to a fixed energy prior to entering 
the analyser when the potentials on the analyser hemispheres remain constant (fixed 
analyser transmission -FAT) or the electrons are not retarded and the analyser 
potentials are varied (fixed retard ratio -FRR). These electrons are detected using an 
electron multiplier, usually a channel electron multiplier (ehanneltron), whieh is
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essentially a tube with the internal surfaces coated with a material whieh produces a 
large number of electrons when an electron is incident upon it.
Although XPS is concerned principally with photoelectrons and their kinetic energies, 
ejection of electrons by other processes also occurs. Orbital vacancies from 
photoemitted electrons are filled by electrons from higher energy orbitals. Electrons 
that are emitted as a result of the Auger process are also detected and they form new 
peaks within the spectrum. The basic Auger process can be described in four stages 
(Figure 21) and starts with the removal of an inner shell atom electron (core electron) 
described earlier (Figure 18) and the formation of a core hole, (1-2). Several processes 
are capable of producing a core hole but typically bombardment with an electron 
beam, is the most common. Following, the ejected electron, the core hole is filled by a 
second atomic electron from a higher shell (3). Energy is released and transferred to a 
third electron, the Auger electron (4), which escapes carrying the excess energy.
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Figure 21: Schematic diagram of the Auger proeess [129].
An example of a typical XPS spectrum is shown in Figure 22. The analysis spectrum 
represents the ehemieal composition and state of the surface of a CeO] thin film 
deposited on aluminium by sol-gel. The Ce 3d, O Is, C Is, Al 2p and 2s are shown 
together with C and O Kll Auger peaks.
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Figure 22: XPS survey scan of a CeO] sol-gel deposited thin film.
3.2.9. X-ray diffraction (XRD)
X-ray diffraction (XRD) is a versatile, non-destructive technique that reveals detailed 
information about the crystallographic structure and chemical composition of 
materials. A crystal lattice is a regular three-dimensional distribution (cubic, rhombic, 
etc.) of atoms in space. These are arranged so that they form a series of parallel planes 
separated from one another by a distance d, which varies according to the nature of 
the material. For any crystal, planes exist in a number of different orientations - each 
with its own specific J-spacing. Most crystalline materials have rows of atoms with a 
spacing of ~0.3nm which is well within the range required to diffract X-rays, which 
have a very short wavelength (0.1 to 0.5 nm). Therefore, because the wavelength of 
X-rays is comparable to the size of atoms, they are ideally suited for probing the 
structural arrangement of atoms and molecules in a wide range of materials. The 
energetic X-rays can penetrate deep into the materials and provide information about 
the bulk structure. X-rays are produced generally by either x-ray tubes or synchrotron 
radiation. In an X-ray tube, which is the primary X-ray source used in laboratory X- 
ray instruments. X-rays are generated when a focused electron beam accelerated 
across a high voltage field bombards a stationary or rotating solid target. As electrons
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collide with atoms in the target and slow down, a eontinuous spectrum of X-rays are 
emitted, whieh is termed Bremsstrahlung radiation.
X-ray diffraction methods are based on the phenomenon of wave interferences. Two 
light waves with the same wavelength and travelling in the same direetion ean either 
reinforee or eancel eaeh other, depending on their phase difference. Assuming that a 
beam of eharaeteristie x-rays of wavelength X is incident on a single crystal surface at 
an angle 0, produces a diffracted beam at an angle 0. The ray from the seeond row of 
atoms as indicated in Figure 23 travels a distanee (BA+AC) greater than the ray from 
the top row. The two rows of atoms are separated by a distanee d. In order for the 
reflected beams to be in phase, the path differenee must be an integral number of 
wavelengths. BA and AC both equal to dsin6 and so the eondition for produeing a 
diffraetion maxima, is expressed by Bragg’s Law given by the equation:
2dsin6 = nX
where, 1 is the wavelength, d  is the distance between two adjaeent lattice planes, 6 is 
the seattering angle and n is an integer representing the order of the diffraction peak. 
By measuring 6 and knowing 2, d  may be determined and the erystal spaeing 
identified. Plotting the angular positions and intensities of the resultant diffracted 
peaks of radiation produces a pattern, which is characteristic of the sample. A large 
library of expected diffraction patterns has been accumulated which allows most 
compounds to be identified from the observed diffraction positions and intensities.
m
/
28 /
Figure 23: X-ray diffraction from atoms in a crystalline material.
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The majority of commercially available diffractometers use the Bragg-Brentano 
arrangement, in which the X-ray incident beam is fixed, but a sample stage rotates 
around the axis perpendicular to the figure plane of Figure 24 in order to change the 
incident angle. The detector also rotates around the axis perpendicular to the plane of 
the figure but its angular speed is twice that of the sample stage in order to maintain 
the angular correlation of 6-26  between the sample and detector rotation [125].
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Figure 24: Geometric arrangement of X-ray diffractometer [125].
3.2.9.I. Determination of crystallite size and residual 
stresses
Any factor that changes the lattice parameters of crystalline specimens can also distort 
their X-ray diffraction spectra. For example, residual stress in solid specimens may 
shift the diffraction peak position in a spectrum. Residual stress generates strain in 
crystalline materials by stretching or compressing bonds between atoms. Thus, the 
spacing of crystallographic planes changes due to residual stress. According to 
Bragg’s Law, the Bragg angles should either decrease or increase when spaeing o f the 
crystallographic plane changes. Peak shifts in spectra occur when there is residual
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stress in a sample, as illustrated in Figure 25. The tensile stress of increasing the 
spacing shifts a peak to lower 26 while compression stress of decreasing the spacing 
shifts a peak to higher 26 in the spectrum [125].
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Figure 25*: Effects of residual stress on diffraction peak position and shape: (a) no 
strain; (b) uniform strain; and (c) non-uniform strain [131].
3.2.10. Glancing Angle X-ray Diffraction (GAXRD)
The Bragg-Brentano arrangement, however, is not suitable for thin samples such as 
thin films and coating layers. X-rays with higher angles of incidence will go through a 
few to several hundred micrometers inside the material under investigation, 
depending on its “radiation” density, so that when it comes to thin film analysis the 
beam penetration depth may be much greater than the sample thickness. Hence, 
conventional XRD is not suitable for detailed study of sub-micrometric layers in thin 
film specimens. Grazing incidence configurations have been developed to overcome 
such limitations, e.g., to render the XRD measurement more sensitive to the near 
surface region of the sample and minimize the substrate contribution on the 
diffraction response [132].
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In the glancing angle X-ray diffraction (GAXRD) technique, the Bragg-Brentano 
geometry is modified to provide an “asymmetric” diffraction result, which allows 
access to small depths in the sample by varying the incidence angle. Thin film X-ray 
diffractometry requires a parallel incident beam, not a divergent beam as in regular 
diffractometry. A parallel mono-chromatic X-ray beam falls on the sample surface at 
a fixed, low glancing angle, a (typically 1 °) and the diffraction profile is recorded by 
detector-scan only (non-rotating sample). The small glancing angle of the incident 
beam ensures that sufficient diffraction signals come from a thin film or a coating 
layer instead of the substrate [125].
Figure 26: Schematic diagrams of (a) symmetric 6 - 29, and (b) asymmetric glancing 
angle XRD geometry [132].
3.2.11. High temperature X-ray Diffraction {in situ) (HT 
XFH))
X-ray diffraction patterns are obtained at different temperatures and gas atmospheres. 
The crystal structure of the sample is determined (usually a powder) and the unit cell
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is obtained at a given temperature. By recording the x-ray patterns at different 
temperatures, the change in phase as a function of temperature and variation o f the 
lattice parameters with temperature can be calculated.
3.3. Experimental Methods
3.3.1. Preparation of porous alumina templates through 
anodisation
Two different approaches have been employed for the synthesis of porous alumina 
templates. Depending on the intended application templates of different geometrical 
characteristics may be required. For example if alumina templates are utilised as 
lithography masks for obtaining nanodots, or as template material for the deposition of 
metallic nanowires through electron-beam evaporation or chemical vapour deposition 
methods, ultra-thin porous aluminas with medium sized pores are required (low aspect 
ratio). Application requirements or synthesis method restrictions, dictate the 
geometrical characteristics of the template. In this study anodisation experiments were 
conducted on A1 foils to obtain thick templates (aspect ratio 1000) but also on 
magnetron sputtered A1 on Si, to obtain ultra-thin templates (aspect ratio 5).
3.3.1.1. Anodisation process
Anodisation experiments were conducted in a vigorously stirred solution o f 0.3M 
H2C2 0 4 at 40 V for various periods, at room temperature (25 °C). The process 
involves the use of an in-house- built electrolytic cell (shown in Figure 27) in which 
an area 4.15 cm^ is anodised at a time. In the experimental set-up, the A1 sample 
serves as the anode and a Pt mesh as the cathode. The potential is applied using a 
Keithley 2300 power supply-interfaced with a PC, to monitor the current-time 
transient during the process. Pore-widening and barrier layer etching treatments were 
carried out in a IM  H3PO4 solution at 25 °C for 30 minutes.
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Figure 27: Photograph and 3-D drawing of electrolytic cell.
3.3.12. Electropolishing
The surface roughness of A1 substrates affects the growth of the porous structure and 
therefore electropolishing was employed to improve the finish prior to anodisation. 
Electropolishing was carried out in HC10^:CH^CH^0H=1:4 (VA^) for 5 min at 30 V
at 25°C, in a beaker, with the A1 foils serving as the cathode and a Pt mesh as the 
anode.
3.3.I.3. Two-step anodisation
In order to obtain a highly ordered porous structure, a two-step anodisation process as 
reported by Masuda [56] was utilised. The process involves the anodisation in a 
vigorously stirred solution of 0.3M H2C2O4 at 40 V and at temperatures between 0 and 
4 °C. In this study, a Peltier cooling system was not available for controlling the 
electrolyte temperature, so experiments were conducted at room temperature. As the 
temperature, is a controlling parameter in the pore growth, the ordering may be 
affected slightly.
In the two-step anodisation process, the samples are firstly pre-treated (cleaning, 
etching, electropolishing) and then anodised under the conditions described above, for 
long periods which typically may be 12, 24 or 48 hours (12 hours in this study). The
78
obtained oxide is then selectively etched in a 4% wt. chromic acid and 8 % vol., 
phosphoric acid mixture leaving the A1 substrate imprinted as shown in Figure 28.
Figure 28: Stages of the formation of self-ordered alumina: a) cleaning of the film 
and etching in NaOH to remove the native oxide; b) electropolishing in a solution of 
HC10^:CH^CH^0H=1:4 (V/V) for 5 min at 30 V; c) first anodisation performed using
0.3M H2C2O4 at 40 V for 12 hours; d) selective dissolution of the formed oxide layer 
in a 4% wt chromic acid and 8 % vol. phosphoric acid mixture; e) second anodisation 
under the same conditions as the first anodisation; and f) isotropic etching in 1 M 
phosphoric acid at 30 °C to for 30 minutes to widen the pores.
3.3.1.4. Free-standing alumina
Free-standing or unsupported alumina is called the porous alumina which has been 
detached from the A1 substrate and has been chemically etched to perforate the 
barrier layer and obtain an open porous structure from both sides. Free-standing 
aluminas are utilised as filters, and templates. The isolation of the template from its 
substrate is also useful for characterisation purposes. The scalloped edge barrier layer 
can be examined this way (prior to perforation) and secondly the porous structure can 
be observed from the bottom side (after barrier layer perforation) where the pore 
array is highly ordered.
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Figure 29: Porous alumina detachment from the A1 substrate and barrier layer 
perforation.
Firstly, the porous oxide is detached from the substrate by means of chemical etching 
in a saturated HgCla solution. The process actually dissolves the metallic A1 substrate 
(selective etching) and isolates the porous structure. Subsequently, isotropic etching 
in IM  H3PO4 widens the pores and opens up the barrier layer. The detachment 
process steps are presented in Figure 29.
3.3.I.5. Anodisation of A1 thin film on Si
Besides A1 foils, anodic oxidation can be performed on Al, which has been sputtered, 
or evaporated onto an alternative substrate such as a Si wafer, glass, quartz or 
polymer. Silicon wafers are much more stable substrates and can be easily integrated 
into a device or system. For this reason, ultra-thin porous alumina templates 
fabricated using standard anodisation conditions (described above) have been 
obtained by the anodising a 1-2 pm thick Al layer which has been deposited on Si 
wafers using a Leybold magnetron sputtering unit.
The aluminium surface obtained by sputtering has a mirror finish (approx. surface 
roughness of 1.2-1.5 nm depending on the deposition parameters and electropolishing 
was not required (roughness measurements of electropolished Al foils described in 
more detail in section 4.2.2.). The process for the anodisation of an Al thin film is the 
same as for Al foils, however, care needs to be taken to stop the process before the Al 
layer is completely consumed by oxide growth, as this will cause Si oxidation and 
will result in local breakdown and spalling of the oxide layer. Control layers may be
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introduced at the interface of the Al film and the substrate, such as a gold layer, which 
is inert, and so will physically stop the oxidation of Si when the Al is completely 
oxidised. Adhesion between the interlayers is important in order to avoid 
delamination during anodisation. Al does not adhere to Au so a Cr interlayer is 
introduced to promote adhesion.
3.3.2. Sol-gel synthesis
All chemical reagents used for the synthesis of ceria and ceria based materials were 
analytical grade (Sigma Aldrich). The sol-gel synthesis involves firstly, the 
preparation of a precursor solution, of a single metal salt, or stoichiometric 
compositions of two or more metal salts. In a typical synthesis, the precursor solution 
contained 0.0IM  cerium nitrate (Ce(N0 3 )3 - 6 H2O) in distilled water. The hydrolysis 
promoter, urea ((NH2)2CO) was added at a CeiUrea molar ratio o f 1:40 or 1:20. A 
clear solution was produced, which was then heated at 90°C while being vigorously 
stirred.
For the Cei-xZrx0 2  synthesis, stoichiometric amounts of cerium nitrate (Ce(N0 3 )3 - 
6 H2O) and zirconium (IV) acetylacetonate (C5H7 0 2 )4Zr) were dissolved in water and 
ethanol respectively, at a molar concentration of 0.0IM. Each solution was 
vigorously stirred until the salts completely dissolved. Urea ((NH2)2CO) was 
dissolved in water so that the Ce:Urea molar ratio was 1:40. In the case of Cei_ 
xSmx0 2  solid solutions the synthesis method is the same as described above. 
Stoichiometric amounts o f cerium nitrate (Ce(N0 3 )3 - 6 H2O) and samarium nitrate 
(Sm(NÛ3)3 'H2O) were dissolved in water at a molar concentration of 0.0IM. The 
Ce:Urea molar ratio was 1:40.
The prepared solution was heated at 90 °C for several hours depending on the volume 
of the prepared solution until reduced to a gel. A typical synthesis of 500 ml would be 
treated for 8  hours. Alumina templates were immersed in the sol-gel, removed at the 
end of the process cycle, wiped from excess material on the surface and air dried 
overnight. Thin films were deposited by dip-coating the Al substrates in the sol for 30 
min (under the above mentioned process parameters). Powders were obtained by 
collecting the precipitated sols. The pH and temperature were measured throughout
81
the sol-gel treatment using a Mettler Toledo pH electrode. Subsequently all samples 
(AAO templates, thin films, sols) were annealed to allow crystallisation.
3.3.2.I. Annealing (Calcination)
The final stage for the synthesis o f all prepared materials was crystallisation o f the 
sols via heat-treatment (calcination). Samples were air-dried overnight prior to 
calcination. A Carbolite furnace was used to dry materials at 100 °C for 1 hour and 
then calcinated at 500 °C for 6  hours. The temperature was ramped at a heating rate 
of 10 °C/min. Cooling was allowed to occur naturally. This regime was applied to all 
synthesised materials unless otherwise stated.
3.4. Characterisation methods
3.4.1. Scanning electron microscopy (SEM)
Scanning electron microscopy studies were carried out using a Tescan Vegan SEM 
but also a Hitachi S4000 field-emission (FE) SEM. The Hitachi model utilises a cold 
cathode field emission electron source (FEG SEM) for high resolution analysis. The 
Hitachi S4000 (shown in Figure 30) can operate at an accelerating voltage of between 
0.5 and 30 kV and is capable of magnification range of x20 -  x300,000. Plan view 
porous anodic alumina SEM images were analysed employing the imaging software: 
MedCalc Digimizer version 3.4.1.0, to determine the pore size distribution and 
density.
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Figure 30: The Hitachi S4000 FE-SEM.
3.4.1.1. Sample preparation
Thin films were cut to size and mounted on SEM stubs using carbon tape or adhesive 
depending on the microscope used. Appropriate samples holders were used for plan 
view or cross-sectional characterisation. A thin Au layer ( 4 - 8  nm) was deposited on 
all samples using an Edwards sputtering unit, to improved conductivity. In cases 
where samples were mounted using an epoxy adhesive, samples were allowed to dry 
for 24 hours prior to mieroscopy. Silver paint was used with non conducting 
adhesives.
3 4.1.2. Nanowire isolation for SEM and TEM examination
Nano wires were isolated from the porous alumina template for SEM and TEM 
characterisation. Samples were prepared by loosening the nanowires from the 
template by partially dissolving the AAO in 0.25M NaOH solution, for 10 minutes. 
Then each template surface was scratched by a fiat-tip tweezer and the material that 
was peeled from the surface was plaeed again in 0.25M NaOH for 10 more minutes, 
to completely dissolve any AI2O3 remnants. The isolated nanowires were washed 
three times with deionised water and then ethanol, and were kept dispersed in ethanol 
solution for further characterization. TEM samples were prepared by drop casting a
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nanoparticle dispersion (in ethanol) onto copper grids coated with Formvar and 
carbon film (200 mesh, SPI, West Chester, PA).
3.4.2. Transmission electron microscopy (TEM)
Electron-optical examination of the ultra thin porous alumina samples and nanowires 
was performed using a Philips CM200 transmission electron microscope (TEM). The 
CM200 can provide an acceleration voltage o f up to 200 kV and a point resolution of 
0.19 nm. Thin film sample preparation will be described in the following section.
3.4.2.1. Sample preparation -  Ultramicrotome
Porous anodically oxidised Al foils were examined via transmission electron 
microscopy. In order to prepare electron transparent specimen, the ultramicrotome 
technique was used [117]. Frstly the process involves the encapsulation of the 
anodised films in a resin. A sharp glass knife was used to create a pyramid shape at 
the end of the sample until the cross-section revealed oxide and the substrate interface 
was then thinned in its entirity, normal to the cross-section plane.
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Figure 31: A schematic representation of the ultra-microtome process and various 
types of diamond knife troughs.
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The sample was mounted on a Reichert Ultramicrotome and a 45° diamond knife 
trough used to cut thin slices by following a repetitive cycle of a set depth, as shown 
in Figure 31.
3.4.3. Scanning transmission electron microscopy (STEM)
In addition to the transmission electron micropy work, further electron optical 
imaging and energy-loss spectroscopy (EELS) was carried out using a Hitachi HD- 
2300A scanning transmission electron microscope (STEM). The HD-2300A is 
capable of magnifications of up to 10,000,000 together with resolution imaging of of
0.2 nm, EDS and high resolution EELS at voltages up to to 200 kV. The STEM 
employed here is also equipped with tools for EDS elemental mapping and EELS 
analysis.
Electron energy loss spectroscopy (EELS) was undertaken using the Gatan Imaging 
Filter on the TEM and a Gatan Enfina spectrometer on the STEM. Point-by-point 
analysis was performed in the STEM with a 2.5Â diameter electron beam, using 
Gatan's Spectrum Imaging tool, with a probe convergence semi-angle o f 14 mrad and 
16mrad collection semi-angle; the energy spread o f the beam was 0.8 eV FWHM.
3.4.4. Atomic Force Microscopy (AFM)
AFM topography images and roughness analysis surfaces were acquired with a 
Digital Instruments Nanoscope AFM (Figure 32). Depending on the operating mode, 
a silicon nitride (SN) tip, for contact mode, or single silicon crystal (TESP) tip, for 
tapping mode, was used.
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Figure 32; Digital Instruments Nanoscope AFM.
3.4.5. Powder x-ray diffraction (XRD)
The X ray patterns were collected on a Shimadzu XRD-600 diffractometer, employing 
a Cu-Ka radiation source (k = 1.54 A), running at a potential of 30 kV and current of 
20 mA. The samples analysed were annealed precipitations, i.e. powders (dried sols).
3.4.5.I. In-situ High-Temperature X-ray Diffraction
Investigation of the thermal stability in different gas atmospheres was conducted 
using the high temperature cell attachment in the Simadzu XRD instrument. The cell, 
which consists of a special sample heating furnace and temperature controller, is used 
to heat the sample during X-ray diffractometry to study the influence of heat on the 
crystalline structure. The atmosphere in the furnace, consisting of air, an inert gas or a 
vacuum, may be heated to 1500°C during measurement. The results are output in 
multiple data formats to enable comparison of X-ray diffraction patterns obtained at 
various temperatures.
3.4.S.2. Glancing angle x-ray diffraction
Glancing Angle X-ray diffraction (XRD) data were recorded using an in-house 
developed glancing angle XRD (GAXRD) system at the European Union Joint
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Research Centre, Ispra, Italy. The diffractometer has a laser alignment system for 
determination of incident angle, an instrumental resolution of about 0.2°, a solid state 
detector for improved signal/noise ratio, and operates with a Cu-Ka X-ray source 
(1=1.5418 A). All GAXRD scans were measured at an incident angle of 1°, and theta- 
2-theta scans were also taken for texture analysis.
3.4.6. X-ray photoelectron spectroscopy (XPS)
XPS data was recorded on a VG ESCALAB mk II, employing a non-monochromated 
Al Ka source operated at 12 kV and 30 mA and hemispherical analyser. The binding 
energy was charge referenced using the C Is hydrocarbon contamination peak at 
285.0 eV. Wide scan spectra were recorded at a pass energy of 100 eV and elemental 
peaks at a pass energy of 20 eV.
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Chapter 4. Synthesis and 
Characterisation of porous alumina 
templates
4.1. Introduction
Anodic porous alumina, which has a typical naturally occurring self-ordered porous 
structure, received a newly found interest since the pioneering work of Masuda [19] 
and Gosele [20] for obtaining a highly ordered hexagonally packed array o f pores. 
Their work opened up a number of possibilities for utilising this unique material in the 
fabrication of nanomaterials. Porous anodic alumina templates possess many desirable 
characteristics; tunable pore dimensions, good mechanical strength and thermal 
stability, relatively cheap and simple technique, all making alumina templates 
excellent candidates for synthesising high yields of nanowires and nanotubes.
In this Chapter, the effect of critical parameters influencing the porous structure, such 
as, substrate pre-treatments, type of electrolyte and applied voltage, anodisation 
technique adopted, have been investigated by examining synthesised templates under 
different process parameters using SEM, TEM and AFM. Disordered and highly 
ordered templates, porous alumina grown on Al and Si and free-standing porous 
templates will be presented in the following sections.
4.2. Synthesis and characterisation of porous alumina 
templates
4.2.1. Disordered porous growth
The effect of surface topography on the pore growth was investigated through 
anodisation experiments on as-received Al foils (no surface modifications to improve 
roughness). Foils were anodised in 0.3M H2C2O4 at 40 V, for 4 hours, at room 
temperature and etched in 5% H 3 P O 4  for 30 min to widen the pores. The resultant 
morphologies were examined with scanning electron microscopy (SEM) and are 
presented in Figure 33. Digital image analysis o f the obtained template revealed that 
60% of the pores ranged between 30-35 nm in diameter, 30% ranged between 40-45 
nm and 10% larger than 50 nm. The average pore size was found to be 38.6 nm. The 
calculated average pore diameter is significantly smaller to those reported by others 
(-50 nm) for the same anodisation conditions [19].
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Figure 33: SEM topography images o f an as-received Al foil anodised in 0.3 M 
H 2 C 2 O 4 , at 40 V, for 4 hours and etched in 1 M H 3 P O 4  showing pore growth guided 
by surface morphology.
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Pore growth seems to be largely dependent on the surface morphology of the as- 
received Al foil. Slightly oval shaped pores are arranged across the ridged topography 
of the substrate. Self-organisation is thought to occur as result o f repulsive forces 
between neighbouring pores during long-anodisation times [20]. Therefore a 
prolonged anodisation time should promote and improve self-ordering. This is 
demonstrated by the SEM image in Figure 34in which a non-treated Al foil has been 
anodised under the same conditions but for a longer period of 1 2  hours.
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Figure 34: SEM image Al foil anodised in 0.3M H2C2O4, at 40 V, for 12 hours and 
etched in 5% H 3 P O 4  showing improved ordering.
The porous structure of the template shown in Figure 34 is characterised by rounder 
pores and a narrower distribution of sizes. Pore growth therefore has reached a steady- 
state growth and the self-organisation mechanisms are already taking effect after 1 2  
hours of anodisation. Despite the rough surface finish which is visibly affecting the 
distribution pattern of the pores, the hexagonal arrangement is beginning to organise.
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4.2.2. Effect of electropolishing
Improvement on the pore ordering was facilitated by electropolishing the Al 
substrates. The process involves cleaning and etching of the foils in IM NaOH, to 
remove the native oxide layer followed by electropolishing in
HC10^:CH^CH^0H=1:4 (V/V) for 5 minutes at 30V.
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Figure 35: SEM image of an as-received Al foil (left) and eleetropolished Al foil 
(right). The surface roughness improvement is visible even at low magnification.
The surface topography of the eleetropolished sample was examined by SEM. Figure 
35 shows plan view SEM images of as-received and eleetropolished Al foils with the 
surface roughness improvement evident. Atomic force microscopy (AFM) was 
employed to examine the topography and quantify the surface roughness before and 
after electropolishing. The AFM results are presented in Figure 36 for the as-received 
foil and in Figure 37 for the eleetropolished sample.
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Figure 36: AFM (a) plan view, (b) topography and (c) roughness analysis o f as- 
received Al foil.
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Figure 37: AFM (a) plan view, (b) topography and (c) roughness analysis of 
eleetropolished Al foil.
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The as-reeeived Al foil AFM scan with a size of 5 pm (Figure 36(b)) reveals a rough 
topography and for a total scanned area of 25 pm^ the RMS roughness was found to 
be 10.330 nm. AFM analysis of the eleetropolished Al foil (over the same scanned 
area of 25 pm^ shown in Figure 37 (b) reveals a significantly smoother surface, with a 
measured RMS of 0.709 nm, pre-patterned in a non-ordered fashion. The resultant 
dot-like morphology corresponds to those reported by Wu et al [133]; the authors 
reported that for low voltages (30 and 40 V) highly ordered stripes or a dot pattern 
was obtained on the surface on the Al foils.
Eleetropolished samples were anodised under the same conditions described earlier 
(i.e 0.3M EI2C2O4, at 40 V, for 12 hours and etched in 5% EI3PO4) and the pore 
ordering was examined with SEM. Figure 38 shows a plan view and cross-section 
SEM image of the obtained template. The pore ordering and pore shape appears 
significantly improved. The cross-section image also reveals uniform parallel pore 
channels (no Y-branching evident).
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Figure 38: Plan view and cross section SEM image of a porous alumina template 
obtained by anodisation of an eleetropolished sample in 0.3M EI2C2O4 at 40 V for 12 
hours.
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Comparing the alumina structures obtained by anodisation in 0.3M H2C2O4 at 40 V 
for 4 and 12 hours of Al foils with no pre-treatment to 12 hours, of foils which were 
etched and eleetropolished, clearly demonstrates the dependency of the surface 
morphology on the growth and self-organisation of porous alumina, as reported in the 
literature [19, 20, 44].
4.2.3. Two-step anodisation
The two-step anodisation method reported by Masuda [19] was utilised for obtaining a 
highly-uniform porous alumina template. In the two-step anodisation process (as 
described in detail in chapter 2 ) the first porous alumina oxide is selectively removed 
by chemical etching in a mixed solution of 4% wt chromic acid and 8 % volume 
phosphoric acid. Then a second anodisation is performed on the patterned Al 
substrate. The patterning, promotes self-ordering leading to a highly ordered porous 
alumina. These phenomena are described in more detail below, aided by SEM and 
TEM images.
.'■c* Æ É È : '-
Figure 39: TEM image of an ultramicrotomed section of a porous alumina template 
prepared in 0.3 M H2C2O4 at 40 V. The hemispherical end of the cell creating the 
scalloped edge interface is evident.
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As described previously the interface between the anodic oxide and its Al substrate 
has a scalloped edge shape, created by the hemispherical ends of each pore channel. 
The characteristic scalloped edge is shown in the TEM image of Figure 39. As the 
porous oxide is selectively etched (the chemicall solution dissolves the oxide in a 
much faster rate than the metallic aluminium), the geometry created by the nucléation 
and growth of the pores, becomes apparent. The surface topography of an Al foil after 
the removal of its porous oxide is shown in Figure 40.
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Figure 40: SEM image of an Al foil patterned by the formation and selective removal 
of the porous oxide.
Pre-pattemed Al foils are anodised for a second time under the same conditions (as 
described above) in order to obtain a highly-ordered porous alumina structure. Figure 
41 shows several plan view SEM images of a pre-pattemed Al foil anodised in 0.3M 
H2C2O4 at 40 V for 12 hours. The ordering of the pores appears significantly
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improved compared to those obtained via a single anodisation process. The cross- 
section image also reveals uniformity of the parallel pores (channels) along their axis.
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Figure 41: (a), (b) low magnification plan view, (c) cross section and (d) high 
magnification topography SEM image of a porous alumina template obtained by 
anodising a pre-pattemed foil in 0.3M H2C2O4 at 40 V for 12 hours.
Pore sizes were measured using imaging software and were plotted as a percentage 
distribution. They are presented along with the corresponding SEM image in Figure 
42. The average pore size was found to be 74.1 nm and interpore distance -100 nm.
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which is in close agreement to those reported by Masuda [19]. Pore density was 
ealculated at 4 x 10^%m^. The template thiekness was found to be 50 pm.
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Figure 42: Pore size distribution and corresponding plan view SEM images.
4.2.4. Free-standing alumina
In order to be eharaeterised correetly, porous alumina templates should be detached 
from the substrate and examined at the backside of the oxide film (i.e. at the origin of 
the pore growth). For this reason, a porous alumina template obtained via a two-step 
anodisation method was detached from the A1 substrate. The detachment method has 
been described in Section 2.1.1. The transparent free-standing alumina template is 20 
mm in diameter and 50 pm thick and is shown in Figure 43.
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Figure 43: Photograph of a 20 mm (0 ) porous anodic alumina template whieh has 
been detaehed from the A1 substrate via treatment in HgCh.
The barrier layer of the detaehed alumina template was examined with ATM. 
Characterisation of the barrier layer is an important tool for assessing accurately the 
ordering of the porous strueture. Pores are generated eontinuously from their base and 
as they grow they may tilt or braneh. Therefore, in order to determine whether surface 
pre-treatments, patterning, anodisation conditions, even the quality of the metal 
substrate, have had an effect in the ordering of the porous strueture, the barrier layer 
morphology must be examined. Figures 44 and 45 show AFM topographies over a 3 
pm and 1 pm scan areas, respeetively, of the barrier layer o f a template produeed by 
anodisation in 0.3M H2C2O4 at 40 V for 12 hours. AFM analysis showed a non- 
uniform arrangement of the pore cells obtained by a single anodisation process (0.3M 
H2C2O4 at 40 V for 12 hours) which is typical under these conditions and consistent 
with the analysis described previously (SEM image shown in Figure 38 and TEM 
image in Figure 39).
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Figure 44: AFM topography and roughness of the barrier layer of a porous alumina 
template obtained after a two-step anodisation method over a 3 pm scan area.
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Figure 45: AFM roughness analysis of the barrier layer of a porous alumina template 
obtained via a two-step anodisation method over a 1 pm scan area.
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4.2.5. Highly ordered porous alumina
SEM and AFM analysis revealed that a single anodisation (under conditions as 
described previously) did not yield a highly ordered array of pores. According to 
literature, in order to obtain large domains of highly-ordered hexagonal arrays of 
uniform sized pores, the electrolyte temperature should be controlled at a prescribed 0 
-  4 °C and anodisation times should reach 48 hours [19, 20, 49]. In this study, a 
temperature controlled process was not available; however, a prolonged first 
anodisation was conducted (12 hours) followed by a second anodisation (24 hours) in 
order to improve self-ordering further. Figure46 shows a plan view SEM image of a 
porous alumina template prepared by a two-step anodisation process. Large domains 
with highly-regular hexagonal cell distribution can be seen. Some defects (holes) exist 
at the boundary of the domains, which may be caused by metallurgical defects.
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Figure 46: SEM image of highly ordered porous alumina template obtained by a 
prolonged two-step anodisation method.
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Figure 47: AFM topography and roughness analysis of a highly ordered porous 
alumina template obtained after a two-step anodisation method over a 3 pm scan area.
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Figure 48: AFM topography and roughness analysis of a highly ordered porous 
alumina template obtained after a two-step anodisation method over a 1 pm scan area.
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The highly-ordered templates were characterised further via AFM and are presented 
in Figures 47 and 48, corresponding to topography scans of 3 and 1 pm respectively. 
The analysis confirmed that the two-step anodisation method, which was adopted, led 
to a highly uniform porous structure. It is worth mentioning that although the 
electrolyte temperature could be not controlled at the prescribed 0-4 °C and 
anodisation experiments were 12 and 24 hours long instead of 24 or 48 reported by 
other groups [19, 20, 49], an almost perfect porous structure was obtained.
Finally, beside the porous structure, AFM topography scans also revealed other 
features. Some of these seem to be specs o f dust which may be deposited on the 
sample surface. Others however, seem to be features situated around the perimeter of 
pores. It is speculated that these are localised uneven growth of the pore walls. This 
effect may be caused by features introduced during electropolishing (i.e. ‘hills’ and 
‘dots’ as they are commonly referred to in the literature [53], [52] or by defects in the 
A1 substrate which cause a different rate of alumina expansion.
4.2.6. Ultra-thin porous alumina
Depending on the application, ultra-thin porous alumina templates may be required. 
Two different types o f porous alumina templates are presented below, obtained by the 
anodisation of (a) A1 sputtered on Si and (b) A1 foil. Figure 49 shows an SEM cross- 
sectional image o f porous alumina grown on sputtered A1 on a Si wafer. The template 
thickness was found to be 250 nm.
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Figure 49: SEM cross-section image of ultra-thin porous alumina obtained via 
anodisation of A1 thin film on Si in 0.3M H2C2O4 at 40 V.
n
Figure 50: TEM image of ultra-thin porous alumina obtained via anodisation of A1 
foil in 0.3M H2C2O4 at 40 V.
Figure 50 shows a TEM cross-section prepared by ultra-microtome (technique utilised 
for the preparation of an electron transparent specimen of ductile materials, such as 
pure A1 [117]). The thickness of the template was found to be 250 nm after 
anodisation for 3 minutes.
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4.3. Discussion
Experimental results have shown that templates with pore size distribution varying > 
15% can be produced with few processing steps and a simple set-up. For near perfect 
hexagonally arranged pore arrays, however, a more complex and tedious process 
needs to be followed, under conventional anodisation. Substrate purity and surface 
roughness, electrolyte type and applied voltage, electrolyte temperature and 
anodisation period, are all important process parameters which require careful 
selection or control, in order to obtain highly ordered porous structures. Furthermore, 
the two-step anodisation process (which requires nano-imprinting via a sacrificial 
anodisation step followed by a second anodisation), or imprinting via a mould adds to 
the process complexity.
Here, it has been shown, that for anodisation in 0.3M H2C2O4 at 40 V, two parameters 
are critical for a highly ordered template; adequate polishing of the A1 substrate to 
provide a mirror finish and a sufficiently long anodisation period (24 hours at constant 
voltage. Mirror finish has been obtained via electropolishing of the A1 substrate to a 
RMS of 0.700 nm. Under these anodisation conditions, a sufficiently uniform 
structure can be obtained, suitable for most template-assisted synthesis applications 
without the need of nano-imprinting and low temperature anodisation. For 
applications, however, where a defect-free template is needed, these tight process 
parameters should be followed.
Porous alumina templates offer an economical substitute as an evaporation or etching 
mask, however removal of the porous film from its substrate, following opening-up o f 
the barrier layer to obtain a through-hole porous structure, is not a straight forward 
process. A typical detachment method involves the chemical etching o f the substrate 
in CuCk or HgC^. In this work, HgCk has been used to detach a thick porous 
template, which is an environmentally unfriendly process and the chemicals used are 
becoming prohibited to purchase in many countries. ‘Clean’ methods have also been 
reported such as electrochemical detachment [134], reverse bias voltage [135], pulse 
voltage detachment [136], [137], gradual voltage reduction during anodisation [138] 
which however do not always lead to successful detachment. Furthermore, handling
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of very thin detached (free-standing) templates still remains challenging. Application 
of a polymeric film [139] as a way to stabilise the template during detachment, has 
been proposed but it then needs to be effectively removed without residue.
Porous alumina templates still remain a cost effective porous nano-scale structure 
readily available at mass production, however commercial AAO templates are 
produced by hard anodisation of pure aluminium which produces films with 
disordered pore structures and offers limited pore sizes and interpore distances. 
Therefore ‘in-house’ prepared alumina templates are used when it comes to the 
synthesis of nanomaterials, where the geometrical characteristics and long-range 
ordering is important. In my view, the synthesis of highly ordered porous alumina 
templates via tedious traditional ‘double’ anodisation methods will become obsolete 
in the coming years. The use of FIB technology offers an easy, precise and repeatable 
method to pre-pattern Al, prior to anodisation and thus, produce defect-free porous 
alumina structures over an extended range o f sizes and combinations, opening up new 
application areas. FIB pre-patteming although quite expensive, where available, is a 
fast and precise method. Furthermore, the making of a re-usable mould to pre-pattern 
aluminium, would make high-quality, defect-free, over a wide range o f pore sizes, 
alumina templates, available at a large scale and relative low cost. At the moment 
commercial templates are not suitable for demanding applications such as synthesis of 
nanomaterials.
The steady interest and publications emerging every year concerning fundamentals or 
applications of porous anodic aluminium oxide shows that despite some processing 
and handling issues, alumina templates are still considered as a cost effective porous 
nano-scale structure. Therefore, this ‘old’ material seems to keep generating new 
research interest. Several decades after the Thompson et al work [39, 140] researchers 
challenge the traditional concept of dense film formation and its local field-assisted 
dissolution [141]. Pore sizes and interpore distances, are expanding by investigating 
new types of electrolytes. Recently, sub-10 nm spacing obtained in selenic acid has 
been reported [142]. Other less known electrolytes malonic, malic and tartaric acid 
[141] have also been investigated, all proving that the versatility, and cost- 
effectiveness o f alumina templates have yet to be replaced by a suitable material.
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4.4. Conclusions
i. The tuneable characteristics of porous alumina templates make them ideal 
template candidate materials for the synthesis of nanowires and nanotubes.
ii. Pore growth is largely dependent on the surface morphology o f the substrate 
as well as the anodisation conditions.
iii. The anodisation duration is critical in promoting and allowing self-ordering. 
Therefore, even at room temperature, a sufficiently long anodising time will 
yield a highly ordered porous structure.
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Chapter 5. High-Power Pulsed 
Magnetron Sputtering (HPPMS) of Ti 
and Al inside the pores of anodic 
aluminium oxide templates
5.1. Introduction
The primary metallization method for integrated circuits (ICs) in the semiconductor 
industry since the mid 1980s has been, conventional dc magnetron sputtering (dcMS). 
However, as the physical size of devices and interconnects shrunk to sub-500 nm 
features, by the mid 90s, it was quickly realised that dcMS could no longer satisfy the 
finer topographical dimensions of high aspect ratio features. For semiconductor 
trenches or vias, the broad angular distribution of depositing sputtered atoms in dcMS, 
leads to significant lateral spread of the depositing species on surfaces which are 
orientated vertically to the sample plane and results in narrowing and eventual closure 
of the structure, often termed as "pinch-off [143-145]. Significant lateral deposition, 
also called "overhang' leads to either “pinch-ojf '(narrowing of the strueture) or 
"bridging' (complete closure) and further deposition of a "capping layer'. These 
effects can take place prior to full or partial filling of the via thereby producing an 
internal void. These terms will be used extensively in this Chapter and are 
schematically presented in Figure 51.
For successful deposition into high aspect ratio features, it was therefore important to 
have a highly directed beam of sputtered atoms of well controlled energy. Since 
sputtered atoms are primarily neutral, their trajectory cannot be controlled by electric 
fields. Thus, ionisation o f the sputtered vapour was the answer. The need to deposit 
metals and diffusion barrier layers in vias and trenches o f ICs, was the driving force 
for the development o f ionised physical vapour deposition (IPVD) [143-149]. When
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the deposition flux consists of more ions than neutrals the process is referred to as 
IPVD. Atoms are sputtered into a moderate pressure, high-density Ar plasma and are 
first thermalised and then ionised. The ions are then readily collimated by the plasma 
sheath and directionally deposited into narrow, deep trenches or vias [148, 150], 
whereas a neutral flux would tend to deposit on the upper part of sidewalls leaving the 
bottom with very little coverage and possibly a void formation at the bottom of the 
trench, as demonstrated in Figure 51. A bias voltage to the substrate can further 
control the directionality and bombardment energies of the metal ions [146].
Figure 51: Simulation snapshots of trench filling in a conventional deposition 
process, at different time intervals, demonstrating ‘pinch-off, ‘overhang’ ‘bridging’ 
and ‘capping layer’ [151].
Holber et r//[149] successfully applied this technique in 1993, to 700 nm vias (3 pm 
depth), by evaporating Cu into an electron cyclotron resonance (ECR) plasma, and 
then condensing films from Cu ions on a nearby, negatively biased wafer. Soon after, 
the deposition with metal ions was extended by Rossnagel el al to a related 
technology using magnetron sputtering as the metal source and inductively coupled 
RF plasmas as the means of ionisation [147]. By 1995, Cheng et al, also recognising
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the limitations of deMS deposition on high-aspeet-ratio substrates, employed 
inductively eoupled plasma (ICP) ionisation of magnetron sputtered Cu for filling 
trenches, 600 nm in width and aspect ratio of 1.1 near room temperature [145].
5.2. IPVD techniques utilised in trench filling
There are several alternatives in producing a highly ionised flux of deposition 
material. The cathodie are discharge, is a common technique that generates the 
highest density plasma, compared to other PVD methods. The are generated flux 
however is, contaminated with macro-particles or droplets, due to extreme heating at 
cathode spots [152, 153]. These reduce the quality of the film, making it unsuitable 
for demanding advanced applications such as the optoelectronics industry. For 
precision microstucture formation, the particles need to be removed (filtered) from the 
streaming metal plasma. This is accomplished by a magnetic filter which traps the 
ionised part of the plasma, and guides it to the substrate. The uncharged and heavy 
maero-partieles are not affected by the field, and do not generally reach the substrate.
filtered
plasma / /  /  open 
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macroparticle
Figure 52: Open-shutter photograph of an open solenoid filter illustrating the 
separation of macro-particles from the metal plasma [152].
Figure 52 shows an example of a cathodie arc filter. This interesting photograph 
published by Anders [152] shows the pulsed plasma source on the right hand side. 
The straight line is the path of an exceptionally large, glowing-hot maero-particle
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coming from the graphite cathode and bouncing off from one of the turns of the filter. 
The filtered plasma leaving at the left hand side is much less bright due to reduced 
plasma density and due to reduced (non-equilibrium) excitation conditions [154].
The filtered cathodie are discharge method has been successfully implemented for 
trench filling [153, 155]. Monteiro [155] deposited conformai Ta and TaN trench wall 
linings of several hundred Angstroms or less, in 100 nm wide trenches with aspect 
ratios up to 8:1 and, subsequently filled the lined trenches with void-free Cu. Figure 
53 (top) shows Monteiro’s successful application of filtered cathodie arc evaporation, 
for Ta lining in very narrow trenches and (bottom) complete trench filling with 
copper.
Figure 53: Filtered cathodie are trench (top) Ta lining and (bottom) complete filling 
with Cu [155].
Another method to generate a highly ionised discharge is by inserting an inductively 
eoupled plasma source (ICP) between the cathode and the substrate. A non-resonant
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induction coil is then placed parallel to the cathode (in the region between the cathode 
and the anode), in what is essentially a conventional dcMS apparatus [150, 156], as 
seen in the schematic set-up of ICP-sputtering (Figure 54). The induetive coil is 
driven at 13.56 Hz using an RF power supply.
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Figure 54; Schematie representation of the ICP-MS set-up [150].
In an ICP-MS the metal atoms are sputtered from the cathode target using dc power 
and enter the dense plasma, created by the RF coil, where they are ionised. The metal 
ion fraction of the sputtered vapour increases and saturates as the rf  power is 
increased. The ion flux and the ion energy can be eontrolled independently by the 
applied rf power and the substrate bias voltage, respectively [156].
Another approach to increase the ionisation fraetion is to use a supplementary electron 
cyclotron resonance (ECR) discharge, giving high plasma densities (lO’^- 10*  ^ m~^), 
with low plasma potentials, commonly operated at low working pressures (0 .1 - 1 0  
mTorr). ECR discharges are typically operated at microwave frequencies (few GHz) 
with a strong magnetie field, giving high plasma densities ( 1 0 *^- 1 0 *^ nC^) and are 
commonly operated at low working pressures (0.1-10 mTorr) .The introduction of a 
magnetic field leads to a resonance between the applied frequency co and the electron 
cyclotron frequency coce- Due to this cyclotron resonance, the gyrating electrons rotate 
in phase with the wave.
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The Hollow Cathode Magnetron (HCM) is a new type o f high density plasma device 
developed for ionized physical vapor deposition (I-PVD). Unlike other I-PVD 
approaches where post-ionization of sputtered or evaporated metal atoms by either 
radiofrequency or microwave generated high density plasma is necessary, the HCM 
uses only a single DC power supply, to both sputter and ionize the target material. A 
novel magnetic geometry provides the confining magnetic field to sustain a 
magnetron discharge within a cup-shaped hollow cathode or between two parallel 
plates held at the same potential. The two parallel plates confine the discharge both 
physically and electrostatically. The electrons between the plates are held in an 
electrostatic mirror which forces them to oscillate until they are lost to the sides or 
make an ionisation collision [150].
The aforementioned IPVD methods suffer however, from certain drawbacks. Arc 
evaporation is associated with plasma droplet contamination, which requires filtering, 
others involve complex geometries, require additional expensive equipment or major 
reconstruction in order to be adapted to existing deposition systems. These 
counterbalance in a way, advantages over conventional magnetron sputtering and 
thus, these techniques are best suited for advanced applications only. Another newly 
emerging IPVD technique is High Power Pulsed Magnetron Sputtering (HPPMS), 
which offers a highly ionised plasma (without the contamination issues) in a set-up 
that is the same as in a magnetron sputtering discharge, except for the power supply. 
This promising technique will be described in detail in the following section.
5.3. High Power Pulsed Magnetron Sputtering (HPPMS)
High Power Pulsed Magnetron Sputtering (HPPMS) is an ionised PVD method based 
on conventional direct current magnetron sputtering (dcMS). As mentioned earlier, in 
dcMS only a small fraction o f sputtered atoms are ionised. To increase the ionisation 
fraction, dcMS can be operated at high power levels. The power density however, is 
limited by the thermal load on the target, provided by the ion bombarding energy 
transformed into heat at the target. To avoid this limitation, the power may be applied 
in pulses. By decreasing the duty cycle (‘on-time’ divided by the ‘cycle-time’), a 
corresponding increase in power during the ‘on-time’ can be achieved [150]. In an
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HPPMS process, high-power pulses of short duration (50-100 ps) are applied to the 
target in pulses o f low duty eycle (<10%) and a low repetition frequency (<10 Hz). 
This leads to pulse target power densities o f several kW em’^ . This mode of operation 
results in generation of ultra-dense plasmas with unique properties, such as a high 
degree o f ionization of the sputtered atoms and an off-normal transport of ionised 
species, with respect to the target [157]. HPPMS has been successfully developed to, 
produce high plasma densities of the order o f 10^  ^ electrons m~  ^ [158] compared to 
the lO^^-lO'^m'^ of conventional dcMS and to obtain highly ionized metal plasmas 
[150]. These features make possible the deposition of dense and smooth coatings on 
complex-shaped substrates, and provide new and added parameters to control the 
deposition process, tailor the properties and optimise the performance of elemental 
and compound films [157]. Figure 55 shows a typical voltage current traee from a 
high power pulsed magnetron discharge.
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Figure 55: Typieal voltage current trace from a high power pulsed magnetron 
discharge [157].
In the mid-nineties Mozgrin et al, Bugaev et al and Fetisov et al were the first to 
report the operation of a eonventional sputtering source in a pulsed mode, with a pulse 
duration ranging from 1 ps to 1 s and a frequency less than 1 kHz, which allowed for 
a pulsed current target two orders of magnitude higher than that of conventional 
sputtering. These high pulse target currents resulted in ultra-dense plasmas with 
eleetron densities in the order of 10^  ^m~  ^ [157]. In 1999 Kouznetsov et al [159] also
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utilising high power pulsed operation reported that, the high plasma densities obtained 
resulted in a total ion flux two orders of magnitude higher than that of a dcMS plasma 
and a high ionisation degree for Cu vapour (-70%). It was also shown, that trenches 
with an aspect ratio of 1:2 were suceessfully filled (Figure 56) demonstrating the 
suitability of this technique for deposition into high-aspeet-ratio features. In fact, the 
high ion-to-neutral ratio in HPPMS has been shown to enable the deposition o f ultra- 
dense and smooth metallic films [160] films, allow for phase tailoring [161] and lead 
to enhaneement of film eonduetivity [161]. Other areas where HPPMS has been 
shown to be advantageous compared to conventional teehniques are the enhancement 
of the adhesion of coatings and deposition in holes and vias for semieonductor 
applications [162].
Figure 56: Cross-section SEM micrograph of two via holes with an aspect ratio 1:2 
homogeneously filled by Cu using HPPMS [159].
5.3.1. Electrical parameters and power supply
Power supplies used in HPPMS are different than those used in conventional 
magnetron sputtering processes, as they must be able to provide the target with pulses 
of high power density (typically in the range of a few kW cm~^), while maintaining 
the time-averaged target power density in values similar to those during dcMS (i.e. a 
few W cm” )^. The low average target power density is necessary to prevent 
overheating of the eathode and damage of the magnets and the target [157].
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Figure 57: Basic architecture of an HPPMS power supply. The dc generator charges 
the capacitor bank of a pulsing unit. The energy stored in the capacitors is dissipated 
into the plasma in pulses of well-defined width and frequency using ultra-fast 
switches [157].
A number of HPPMS arrangements have been developed for industrial and laboratory 
use whieh all exhibit similarities in their basic structure which is schematically 
depicted in Figure 57. A de generator is used to load the capacitor bank of a pulsing 
unit, which is connected to the magnetron. The charging voltage of the capacitor bank 
ranges typically from several hundreds of V up to several kV. The stored energy is 
released in pulses o f defined width and frequency using transistors with a switching 
capability in the ps range, located between the capacitors and the cathode. The pulse 
width (also referred to as pulse on-time) ranges, typically, from 5 to 5000 ps, while 
the pulse repetition frequency spans from 10 Hz to 10 kHz. Under these conditions, 
the peak target current density may reach values of up to several Acm” ,^ which are up 
to 3 orders of magnitude higher than the current densities in dcMS [157].
5.3.2. Benefits of HPPMS and applicability to this study
The intense pulsed plasma density provides a large concentration of metal ions that 
produce high-quality, homogeneous coatings. The high ionisation fraction allows for 
fine control of the sputtered species during deposition, a feature well suited to the 
needs of future semieonductor fabrication techniques, i.e. the metallisation of high
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aspect ratio features.In some sense, HPPMS can be seen as a method that combines 
the advantages o f conventional magnetron sputtering and arc evaporation. It can 
provide an intense flux of ionised metal that otherwise can only be obtained from 
cathodie arcs, and this flux is (almost) free o f macroparticles, making it suitable for 
demanding advanced applications.
The highly dense plasma and control over directionality o f the sputtered metal ions, 
offered by HPPMS, justifies in principle, its application to this study. In practice, 
Kouznetsov’s results already clearly demonstrated the suitability of HPPMS to 
successfully fill narrow trenches (600 nm) at moderate aspect ratios (2:1). However, 
the aim here is not merely to line or deposit metals into a trench like structure, but to 
utilise the technique for filling porous alumina templates, with the ultimate goal 
being, the synthesis of metal nano wires. Furthermore, in most studies, trench features 
are typically 600 nm in width with moderate aspect ratios of 1:1 or 2:1 [153], with the 
exception o f Monteiro [155] that managed to line Ta in trenches as narrow as 100 nm 
by cathodie arc evaporation. Current electronic features have shrunk to 90-60 nm, 
with sub-45 nm fast approaching. Therefore, in this study, the filling o f sub-100 nm 
features will be attempted, by depositing by HPPMS inside the pores of anodic 
aluminium oxide templates with an average pore size of -5 0  nm and extreme aspect 
ratios of 1 :6 , 1 : 1 0  up to 1:80.
5.4. Template preparation and HPPMS filling trials
5.4.1. Porous alumina templates
Porous alumina templates were prepared by anodisation of Al foils as described in 
detail in section 3.1 (i.e. in 0.3M H2C2O4, at 40 V). A number of anodisation periods 
(varying from 3 minutes to several hours) were adopted, obtaining templates of 
various thicknesses, from a few hundred nanometers to tens of microns thick. 
Templates were used as grown on the Al substrate for easier handling.
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Figure 58: Plan view SEM mierograph of a typieal AAO template showing (a) the 
pore distribution across the surfaee and (b) the pore sizes varying from 30-70 nm 
(with average pore size (dp) of 50 nm).
Although porous alumina structures have been presented in great detail in Chapter 3, 
FESEM, FIBSEM and TEM were utilised to examine the morphologies and establish 
as accurately as possible, all geometric characteristics and aspect ratios (AR), via 
high-resolution images. Compared to vias and trenehes of integrated circuit (IC) 
structures, the AR in the case of porous materials is determined by the ratio of the 
pore diameter dp to pore depth h. For AAO, the pore size dp is dependent upon the 
eoneentration and temperature of the electrolyte, in addition to the applied voltage. 
The pore size can be adjusted, if  needed, by a post-etching treatment. The depth of the 
pores, are simply proportional to the anodisation time. The average pore diameter was 
measured to be 50 nm (adjusted by a post anodisation etching treatment in 5% H 3 P O 4  
for 5 minutes). Figure 58 shows plan view SEM mierographs of a typical template.
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pore diameter: dp 
pore depth: h 
barrier layer: ty 
wall thickness: 2ty 
template thickness: t 
interpore distance: Dj^ t 
aspect ratio (AR): dp/h
Figure 59: Schematic illustration of the geometric characteristics for porous 
templates, showing the pore diameter dp, pore depth h, barrier layer ty, template 
thickness t and aspect ratio (AR): dp/h.
The geometric characteristics of the porous templates are depicted for clarity in Figure 
59. The pore depth h is determined by the measured template thickness t, subtracting 
the barrier layer thickness tb. The formation voltage to barrier layer thiekness ratio of 
1.14 nm was used to calculate tb. For anodisation in oxalic acid at 40 V this was 
found to be 45.6 nm. A HR-TEM cross-section image of an ultramicrotomed anodic 
alumina template (at the oxide-substrate interface) is presented in figure 60 (a). The 
typical duplex structure of the barrier layer in anodic oxides consisting of an inner 
(anion free) and outer (anion contaminated) layer [35, 41, 163] can be observed. The 
barrier thickness was measured at -40  nm whieh is in close agreement to the 
theoretically calculated one. (The thickness o f the barrier layer depends directly on 
the anodizing potential. The dependence is about 1.3-1.4 n m V ’ for barrier-type 
coatings and 1.15 nm for porous structures). The template thickness, h, was also 
measured via TEM image analysis, particularly in the case of really thin templates. 
Figure 60 (b) shows a HR-TEM cross-section image of a ‘thin’ template, anodised for 
3 minutes. The thickness h was found to be 300 nm.
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Figure 60: HR-TEM image of ultramierotomed alumina template showing (a) the 
characteristic ‘scalloped’ edges, at the oxide-substrate interface, created by the 
hemispherieally shaped end of the pores. The barrier layer thiekness bt was measured 
at 40 nm; (b) a 300 nm thick alumina template anodised for 3 minutes.
Three representative samples were selected with aspect ratios 1:80, 1:6, and 1:10. 
Table 1 summarises the anodisation process parameters and measured geometrical 
characteristics of these samples.
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Template Preparation Conditions and Geometric Characteristics
Template 1:80 Template 1:6 Template 1:14
Substrate Material AI foil AI foil AI foil
Electrolyte 0.3M H2 C2 O4 0.3M H2 C2 O4 O.3 MH 2 C2 O4
Anodisation Voltage 40 V 40 V 40 V
Etching {in 5% H3 PO4 ) 5 minutes 5 minutes 5 minutes
Anodisation Duration 30 minutes 5 minutes 1 0  minutes
Templatelhickness t 4 pm 300 nm 700 nm
Average pore diameter dp 50 nm 50 nm 50 nm
Theoretical barrier layer thickness bj 45.6 nm 45.6 nm 45.6 nm
Measured barrier layer thickness b^ 40 nm 40 nm 40 nm
Table 1: Summary of anodisation conditions, post treatments and measured 
geometric characteristics of templates with aspect ratios 1:80, 1:6 and 1:14.
5.4.2. HPPMS filling of alumina templates
A1 and Ti films were deposited by HPPMS on porous alumina templates, which were 
placed 70 mm from the target surface. A1 and Ti targets, 75 mm in diameter and 
purity 99.99% were used. The power was applied to the target using an Advanced 
Energy Pinnacle power supply which was coupled to a Melee SPIK 2000A pulsing 
unit. The pulse frequency and duty cycle were varied by choosing the pulse off-times 
(/off) from 500 ps, to 3000 ps, while the pulse on-time (/on) was kept constant at 50 ps. 
These pulse on/off time configurations corresponded to pulse duty times (a) ranging
No substrate bias or heating was applied. Prior
to the deposition the chamber was evacuated to a pressure o f 6.5 x 10'^ Pa. Ar gas 
(99.998%) was introduced to an average operating pressure of 1 Pa (7.5 mTorr). The 
deposition parameters are summarised in Table 2.
from 10% to 1.5%, w herea= —
t o n + t o f f
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HPPMS Deposition Parameters
Template 1:80 Template 1:6 Template 1:F
Material AI Ti Ti
Heating None None None
Target Cleaning
Duration 5 min 5 min 5mm
Base pressure 6.5x10 -6 
mbar
6.5 X 10 -6 
mbar
6.5 X 10 6
mbar
Total Pressure 1 Pa 
(7.5 mTorr)
1 Pa 
(7.5 mTorr)
IPa 
(7.5 mTorr)
Peak target power 48 A 30 A 30 A
Average target power 0.4 kW 0.2 kW 0.2 kW
Pulse Period 1 ms 1 ms 1 ms
Coating Deposition
Duration % h 2 h 2 h
Base Pressure 6.5 X 10-6 
mbar
6.5x10 -6 
mbar
6.5 X 10-6 
mbar
Total Pressure IPa 
(7.5 mTorr)
1 Pa 
(7.5 mTorr)
IPa 
(7.5 mTorr)
Peak target power 20 A 12.5 A 200 A
Average target power 0.6 kW 0.3 kW 0.4kW
Pulse Period 500 ps 500 ps 3000 ms
Sample Bias None None None
Table 2: HPPMS deposition parameters.
5.4.2.1. Characterisation of A1 deposited alumina templates
A1 deposition via HPPMS was carried out on the highest aspect ratio template, 1:80 
(sample 11), with the process parameters given in Table 2. A Hitachi S4000 FESEM 
was used for preliminary analysis. FESEM characterisation revealed that the porous 
alumina template was covered by a thin, ‘porous’ A1 capping layer. Figure 61 (a) 
shows the topography of this layer, which indicates that ‘pinch-off, has occurred. 
Close examination of a cleave in the sample, reveals that narrowing or pinch-off, is
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caused by an increased lateral deposition on the pores walls which creates 
protuberances which, eventually bulge into the pore opening, creating the 
eharacteristic morphology (Figure 61 (b),(c) and (d)). These protuberances block 
sputtered material entering the channels, and offer an excellent location for further 
lateral deposition. The process was terminated before complete blockage of the pores, 
leading to the formation of a ‘porous’ A1 capping layer. The SEM image of the 
cleaved template (Figure 61 (b)) suggests that prior to narrowing some pores are at 
least partially filled.
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Figure 61: Plan view FESEM micrographs of A1 capping layer covering a 1:80 (AR) 
porous alumina template.
A Hitachi HD-23 00A STEM was used to examine cross-sections of the AI deposited 
templates. TEM analysis confirmed the presence of A1 eapping layer, -150 nm thick, 
which is situated on top of the template (Figure 62). The layer seems to consist of
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material deposited at each pore wall, expanding gently into the opening (narrowing 
the pore width) and upwards into open space, forming a sort of conical frustum.
Figure 62: Bright-field TEM cross-sectional micrograph showing of the A1 
deposition inside the pores of 1:80 template showing the capping layer with thickness 
-150 nm.
These formations are consistent to those reported by others in trench filling by IPVD 
methods [164],[143, 152, 153], and termed as ‘pinch-off. If the deposition process 
had continued for longer these protuberances would eventually meet each other, 
blocking the pore openings completely.
Various other features were also apparent in the TEM images. Figure 63 shows dark 
and bright areas (in the bright and dark field images) indicated by arrows, which may 
be interpreted as nanowires or lining inside the pore channels. These features were 
examined further by EDX analysis which is presented in Figure 64. The coloured 
arrows (of Figure 63) correspond to the capping layer (red), dark eolumn (green) and
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coating on dark column (brown). These were investigated further by EDX analysis in 
the following spots: capping layer, pore and dark columns.
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Figure 63: Bright-field (a) and dark-field (b) TEM cross-sectional micrographs of the 
A1 deposition inside the pores of a 1:80 template. Coloured arrows indicate areas of 
interest investigated by EDX analysis.
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Figure 64: EDX analysis on A1 deposited 1:80 template cross-section. Areas 
investigated (indicated by arrows in Figure 63) correspond to: capping layer (red), 
dark column (green) and coating on dark column (brown).
EDX composition analysis confirmed the capping layer to be A1 (red colour in EDX 
analysis and red arrow in Figure 63). Small peaks of O and C were also found. 
Analysis performed on features resembling nanowires (green colour in EDX and 
green arrows in Figure 63) consisted of Al, O and C, indicating these to be AI2O3 . 
Features resembling coating or lining of the pore channels (brown colour in EDX 
analysis and brown arrows in Figure 63) consisted of Al, O and C. The high intensity 
Al and O peaks indicate that these regions are AI2O3 . The C peaks must be attributed 
to the carbon grid upon which the sample is placed.
Close visual examination of the TEM images is in agreement with the EDX findings. 
The capping layer exhibits a grainy texture characteristic of crystal structure; whereas, 
all the other features, tubular sections of the pores and shadows resembling coating on 
the sidewalls, do not, exhibit a different texture, characteristic of the amorphous 
alumina templates.
Therefore, TEM and EDX analysis did not show full or partial deposition inside the 
porous template.
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5.4.2.2. Characterisation of Ti deposited alumina templates
Ti depositions via HPPMS were carried out in lower aspect ratio templates, 1:6 and 
1:10. FESEM analysis confirmed Ti capping layers on both samples, poorly adhering 
to the alumina templates, as they became detached upon sectioning for SEM or TEM 
sample preparation. Figure 65 shows such an example. A section of the Ti layer is still 
intact, allowing plan view and cross-sectional examination. The rest of the sample 
surface consists of unfilled pores.
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Figure 65: FESEM tilted plan view micrographs o f Ti deposition inside (a),(b) the 
1 :6  template and (b), (c) the 1 : 1 0  template.
Ti films on 1:6 and 1:10 templates exhibit typical characteristics of HPPMS deposited 
coatings, i.e. a dense columnar structure with a smooth surface. Again, lateral 
deposition occurring at the pore walls (as described earlier) led to the formation of a
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capping layer. In this case, accumulated material caused complete blockage of the 
pores and therefore led to ‘bridging’ (i.e. even lateral deposition across the porous 
structure).
In order to determine whether there was partial filling at the bottom of the pores, or on 
the sidewalls, cross-sections were examined via TEM. Figure 6 6  (a) shows a bright- 
field cross-sectional TEM micrograph of template with an aspect ratio of 1:6 .
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Figure 6 6 : TEM cross sectional micrographs of a 300 nm thick porous template, 
deposited with Ti via HPPMS showing randomly deposited material concentrated 
near the pore opening and at a depth of 150 nm, (b) detail of an area exhibiting some 
lining on the sidewalls and deposited material blocking the pore opening.
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No capping layer is present (in comparison to Figure 62 where the Al capping layer 
was still attached). It has become detached during sample preparation, probably due to 
a lack of adhesion. There seems to be some partial filling at the top of the pore 
channel rather than the bottom, distinguished from its grainy texture eontrast in the 
BF TEM image (Figure 6 6  (a)). This filling is a result of “bridging’. Along with the 
lateral deposition, there was some sidewall deposition at the overhang causing partial 
filling of the pore channel, at the top rather than the bottom and up to a certain depth 
(-150 nm max), like a ‘cork in a bottle’. Figure 6 6  (b) shows this at a higher 
magnification.
5.4.23. Dual Focused lou Beam (FIB) Milliug
FESEM and cross sectional TEM analysis indicated that alumina templates are mostly 
empty, particularly at the bottom of the pores. However, for template 1:10, sputtered 
material seemed to have deposited at the entrance of the pores up to depth of 150 nm. 
Deposition on the pore sidewalls (overhang), led to blockage and eventual capping of 
the whole surface by a Ti film {bridging). Figure 67 is a schematie illustration of 
‘pinch-off and ‘bridging’.
pinch-off linn
Figure 67: Schematic illustration o f ‘pinch-off and ‘bridging’.
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A different approach was adopted to examinewhether some pore filling had occurred, 
which involved examination of the sample from the top down. Starting from the 
surface of the capping layer, through its thickness, which was measured to be 125 nm 
(for template 1:10), and into the pore channels. A FEI Nova 600 NanoLab Dual 
Beam Focused Ion Beam (FIB) was used for this purpose. The sample was gradually 
milled by the FIB, while the topography was examined at each pass. Figure 6 8 , is a 
plan view FIB SEM image, showing the characteristic HPPMS deposited Ti capping 
layer topography. The dotted line indicates the rectangular area whieh has been milled 
by the beam, to a depth where a few empty pores are starting to appear (milled area 
slightly darker). This was considered to be the top of the template, (0 depth) and the 
starting point for a set of nine conseeutive passes, with the milling depth set at 5 nm 
per pass.
Figure 6 8 : FIBSEM micrograph showing selected area for FIB milling. The milled 
area appears slightly darker and a few open pores are starting to appear.
The sequential micrographs (Figure 69) reveal areas, groups of pores that appear to be 
filled with deposited material. These areas seem to be consistent throughout the nine 
images, suggesting that as proposed from TEM observations, some pore filling has 
occurred underneath the capping layer. In a similar fashion to the Al trials (described
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earlier), material most likely started to deposit most at the pore walls, bulging and 
expanding into the open space of the pore, creating protuberances. However, in this 
case material has deposited on the sidewalls and filled the pores up to a certain depth, 
before blockage has led to lateral growth and formation of the eapping layer.
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Figure 69: Sequential FIBSEM micrographs of the rectangular area milled by the 
beam with the milling depth set at 5 nm.
Figure 70 shows a high-resolution image of the milled area edge (after 9 passes) in 
which a good percentage of the pores appear filled with Ti (up to a depth of 45 nm). 
Figure 71 shows detail at the centre of the milled area whieh is progressively deeper 
and several pores still appear filled but are fewer in number compared to Figure 70.
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This is anticipated, as material is expected to be found near the surface rather than 
deep in the pore channel. (Note: The ‘trench’ or ‘pit’ as it is referred, has a rounded 
edge profile, therefore a milled depth difference can be seen in Figure 71. That is 
common for a FIB milled trench. Therefore, the maximum milling depth of 45 nm 
refers to the centre of the trench and not the edges).
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Figure 70: FIBSEM micrograph showing detail of the milled area edge.
Figure 71: FIBSEM micrograph showing detail of the centre o f the milled area.
Closer observation of the plan view FIBSEM images (Figures 70 and 71), reveals a 
good percentage of the pores to be filled, although there are others which are
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completely empty, obvious even through the thin, (transparent at places) capping 
layer. The pores which are filled seem to be grouped. Pore arrangements in AAO 
show ordered domains of a few micrometers [46], corresponding to the grain 
boundaries o f the substrate. Furthermore, these domains are often at different angles 
relative to the Al substrate (in the case of Al foils). It is likely that the grouping of the 
filled and unfilled pores which has been observed in the FIBSEM images corresponds 
to these domains. If a domain is facing the target at a favourable angle some material 
is deposited inside the pore channel, if  the angle is less favourable, for the incoming 
atoms, material deposits on the pore walls.
5.5. Discussion
Kouznetsov et al successfully demonstrated in 1999 that HPPMS is capable o f filling 
trenches 600 nm in width with aspect ratio 1:1. Following these promising results, 
HPPMS filling of anodic aluminium oxide template pores has been attempted, with 
an average pore size o f 50 nm and extreme aspect ratios (1:6, 1:10, even 1:80), 
compared to the more conservative 1 :1  or 2 :1 , which is usually adopted in such 
studies. A number o f parameters relating to the deposition process and the 
architecture of the porous templates were decisive factors in determining the outcome 
of the study.
Typically, directional deposition is employed on a very flat surface, such as a Si 
wafer, to accommodate the narrow distribution of incident angles at which the 
sputtered atoms reach the sample surface and hence, improve metallization or filling. 
In this case, aluminium oxide templates were grown on Al foils which are far from 
flat. Electropolishing conditions (such as electrolyte and current density), will dictate 
the substrate topography (and may even pre-pattern the surface). This will improve 
the mean roughness o f the Al foils significantly, prior to anodisation, but cannot 
match the exceptionally smooth surface offered by a Si wafer. Therefore, the pore 
channels are not grown completely parallel to each other, in a plane normal to the 
substrate, but instead at various incident angles. The pore opening orientations reflect
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this growth mode. Sputtered atoms reaching pores oriented perpendicular to them are 
more favourable to those facing the flux at an angle. Tilted pore walls will also 
enhance ‘pinch-off caused by lateral deposition of the overhang.
SEM and TEM analysis indicated that in the case o f Al deposition the process 
parameters led to ‘pinch-off with no partial filling prior to narrowing. In the case of 
Ti however, ‘bridging’ was observed and partial filling of pores at the top to an 
average depth of 45 nm. This seems to suggest that a porous template with AR 1:1 
may have been filled successfully and this would be in agreement with the literature, 
where moderate aspect ratio features (1:1 and 2:1) are more favourable for trench 
filling [145, 159]. In this case, the features would have been the smallest yet.
The critical point seems to be the pore opening and for the pore opening to be kept as 
wide open as possible during the deposition process. Since the pore wall is the first 
flat surface to receive the incident atoms, lateral deposition will occur in that area and 
at the overhang. As the natural tendency o f deposited material will be to expand into 
free space, this will occur at the available sites offered by the open pores and 
upwards. Therefore, a protuberance is forming which in turn blocks deposition inside 
the pores and further promotes piling-up o f more material. Under certain process 
conditions, pores are plugged-up very quickly, resulting in empty pores and a capping 
layer on top o f them. Based on trench filling studies, it is clear that the ionization 
fraction of the depositing metal flux is the critical factor in trench filling [164]. For 
example Hamaguchi et al [146] reported that as the ion-to-neutral ratio o f the 
depositing metal flux was increased from 3:7 to 7:3, the deposition profile changed 
from being pinched-off to completely filled. As the aspect ratio of the trench 
increases, the ionisation fraction required for complete trench filling also increases 
[164]. In this case, deposition in extreme aspect ratios was attempted. Therefore a 
high ionisation fraction was required. However, although in theory the HPPMS 
process offers a high ionised flux fraction, there was no available means of measuring 
it during depositions and thus, establishing the cut-off point for avoiding pinch-off.
136
Ionised metal plasmas are used in the case o f high aspect ratio trenches for directional 
deposition. The directionality of ionised sputtered species can be obtained by utilising 
a negative substrate bias potential. Unfortunately substrate bias was not available 
during the deposition trials. Thus, although a highly ionised flux was available, it 
wasn’t possible to control the ion energy or its direction, i.e. towards certain areas of 
the substrates. On the other hand, as the ion energy is increased, by increasing the 
substrate bias, the trench profiles transition from being completely filled to being 
pinched-off due to excessive sputtering at the bottom of the trench [146], therefore a 
certain processing window exists for complete filling.
Cheng et al [145] successfully filled trenches at 0.3 kW magnetron power, 1.0 kW 
ICP, and 225 V dc bias on the substrate, reported pinch-off occurring at 5 mTorr Ar 
while complete filling was obtained at 40 mTorr Ar. These results were attributed to 
the increasing ion-to-neutral ratio of the incident metal flux which is typically 
obtained as the pressure increases [164]. In this work, it has been shown that Ti can be 
deposited inside AAO template pores, leading to pore filling, but only to depths of 
around 45/50 nm even at a low pressure o f 5 mTorr, and without the application of 
substrate bias.
The study by Cheng et al suggests that pressure is a critical parameter for reducing 
pinch-off, in the case of ionised magnetron sputtering and could explain the 
morphologies observed here. However, HPPMS has not been applied before for the 
metallisation or filling o f such narrow features and process parameters reported for I- 
PVD cannot be correlated in this work. The intense pulsed plasma density and high 
ionisation fraction obtained by HPPMS allow for fine control o f the sputtered species 
and a moderate pressure was therefore selected as a starting point for mapping the 
process parameters and resultant morphologies. However, inability to implement such 
experimental parameters in the deposition system employed in this work (i.e. 
variation o f pressure and application o f a negative substrate bias), limited the 
capabilities offered by the HPPMS process and led to termination of this methodology 
for pore filling.
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Uniform deposition of material within the alumina template pores was only partially 
successful using HPPMS. Consequently, it was decided that to facilitate complete 
filling of the pores, the methodology would be changed and a wet chemical approach, 
sol gel deposition, would be employed. In the next chapter, this new approach will be 
introduced and the results of pore filling using sol gel described.
5.6. Conclusions
i. It has been shown that Ti can be deposited inside AAO template pores, leading 
to pore filling, but only to depths of around 45/50 nm, equivalent an 
approximate 1:1 aspect ratio for the AAO template used in this work.
ii. Templates with highly parallel pores on a rigid substrate such as Si, are 
required if this methodology is to be used.
iii. Pressure variation and substrate biasing are required for mapping the optimum 
process parameters for pore filling via HPPMS.
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Chapter 6. ImplememtatioE of sol-gel 
techniques - Synthesis and 
characterisation of ceria based 
nanomaterials.
6.1. Introduction
Plasma based technologies have been successfully utilised in nanostructure formation, 
but are expensive processes requiring specialised equipment and complex set-ups. 
There are other approaches that can offer flexibility over the shape, size, structure and 
stoichiometry of nanomaterials and nanostructures via a surprisingly simple process 
set-up. Sol-gel processing (described in detail in Chapter 2) is a commonly-used 
method for preparing nano-sized materials from colloidal dispersions. According to 
Sakka [165], sol-gel technology is a typical nanotechnology because all gel products 
contain nanoparticles (or are nanocomposites) and it offers many advantages such as 
low processing temperatures, simple apparatus, easy to control process, versatile post­
treatments and molecular level homogeneity. Nanostructures can be easily tailored by 
adjusting the experimental conditions, such as temperature, acidity, surfactant, 
precursor type and concentration, and reaction time. Therefore, in search o f an 
alternative method to synthesise nanomaterials, this section of the thesis deals with 
the implementation of sol-gel processing for this purpose. The journey to select and 
tailor an appropriate synthesis method, capable o f yielding nanostructured ceria, and 
ceria doped with cations such as Zr and Sm will be described in the next two 
Chapters. The structure, morphology and phase stability of synthesised materials such 
as thin films and powders are characterised and the evolution of complex 
nanostructures is also discussed. Ultimately, the selected sol-gel process will be used 
with porous alumina templates (see Chapter 7) for the synthesis of 1-D nanostructures 
such as nanowires.
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A variety o f methods were adopted in preliminary experiments to identify the most 
suitable method for this study. These included (a) the forced hydrolysis o f cerium (IV) 
oxide in HNO3, (b) the dissolution o f cerium nitrate in citric acid, followed by the 
addition of ethylene glycol as a polymerisation agent (the Pechini method) and (c) the 
controlled hydrolysis of metal salts (chlorides, nitrates and sulphides) assisted by the 
decomposition of urea. Among these methods, C was adopted as the most suitable and 
is described in Section 3.3.2. Method (c) was selected in terms of resultant crystalline 
structure, successful incorporation of dopants, handling and suitability for use with 
AAO templates. For example, (b), the Pechini method, was excluded, in terms of 
increased solution viscosity. The reaction of citric acid with ethylene glycol leads to 
the formation of polyester which in turn dramatically increases the solution viscosity 
and inhibits precipitation of the sol inside the porous alumina template pores (one of 
the main objectives o f the study which will be discussed extensively in the following 
chapter).
As mentioned earlier, the sol-gel process can yield, thin films, powders (particles), 
dense ceramics and fibres. Thin films and powders were obtained and were 
characterised using SEM, XRD, XPS and in situ High Temperature XRD in order to 
determine particle size, composition, morphology and thermal stability. The results 
are presented in the following sections.
6.2. CeOi and Ceo.sZro.2O2 and Ceo.sSmo.2O2 thin films
6.2.1. Morphology
Ce0 2  and Co.gZro.2O2 and Ceo.gSmo.2O2 thin films were deposited by dip-coating Al 
substrates in the sol as described in detail in Chapter 3. The resultant morphologies 
were examined by SEM. Figure 72 shows typical plan view SEM images o f the 
deposited Ce0 2  thin film. The morphology exhibits a novel architecture which seems 
to consist of a network of interconnected 2-D microstructures (rectangular nanowalls, 
slightly concave, - 2 0  nm thick and up to 2 0 0  nm in length) which are schematically 
presented in Figure 73.
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Figure 72: SEM images a CeO] thin film exhibiting the complex architecture of 
nanowalls; A CeO] particle is also shown in the left hand image.
In 2002, Wu et al [166] reported the fabrication of two-dimensional carbon 
nanostructures, carbon nanowalls, by accident, in an effort to produce carbon 
nanotubes. Since then a number of publications have emerged dealing with the 
synthesis, properties and applications of carbon, graphene and various metal oxide 
nanowalls. They are considered to be ideal 2D structures for catalyst support, fuel 
cells and gas storage materials due to their reduced dimensionality, high surface to 
volume ratio and open edge geometry. Numerous reports have emerged over the last 
decade demonstrating their enhanced properties and applicability, particularly, as 
sensors. Electrochemical biosensing [167] noxious gas and Hz detection [168], highly 
sensitive UV detectors [169], ultrasensitive enzymless glucose (GO) sensor [170], 
methane gas sensor [171] and photo-electrochemical sensor [172], are only a few of 
the many recent studies dealing with the enhanced properties of nanowalled materials. 
Reported growth methods include epitaxial growth [168], PVD [173], high pressure 
PLD [169], and plasma enhanced CVD [166] and hydrothermal growth [170, 174]. 
Very limited published work exists on the synthesis of CeOz nano walls by a simple 
hydrolysis sol-gel method, except the work of Cao et al in which CeOz nanowalls 
were grown hydrothermally on electrospun TiOz nanofibers [175].
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Figure 73: Schematic representation of nanowall architecture [160].
Besides the apparent CeOz thin film morphology, SEM analysis revealed crystal 
clusters (particles) o f equally interesting structures. Figure 74 (a) shows a CeOz 
particle, 2 pm in diameter, grown on top of the thin film. The particle exhibits a 
complex 3-D architecture of a self-assembled cluster of nanopetals, forming, that can 
be termed, a microflower. The serendipitous SEM image gives an insight on the likely 
formation mechanism. Slightly concave nano walls have grown vertically on the 
substrate but a localised aggregation has led to the continuous growth of these 
nano walls not in a random manner but in a self-organised 3-D orientation to form a 
‘micro flower’. Micro flower structures will be examined and discussed again in 
section 6.3.1.
3-D nano-architeetures were also observed in the case of the Cco.gSmozOzand 
Cco.gZro.zOzthin films and are presented in Figure 74 (a) and (b) respectively. The 
C c o .g S m o  zOisurface consists of 2-D nanostructures which have a triangular shape 
with a very sharp slightly tilted edge. These are grown perpendicular to the substrate, 
forming an interconnected complex topography whieh resembles a ‘nanoforest’. The 
individual nano-triangular plates are a few tens of nm thick and a few hundred nm in 
height.
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Figure 74: Morphology of (a) Ceo.gSmo.zOz thin film, (inset) detail showing triangular 
nanoplates and (b) Ceo.gZro.zOz thin film.
The Ceo.gZro.2O2 surface exhibits a more subtle but nevertheless complex structure 
consisted of nanopillars. A representative C e o .g Z ro .2 O 2  ‘rice-like’ particle is also 
shown in Figure 74 (b) formed by what seems to be an aggregation of smaller primary 
‘rice’-like particles 200 nm in length and -50  nm thick.
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6.2.2. Structure and Bonding
The crystalline structure of calcinated (annealed) sol-gel deposited Ce0 2 , Ceo.gZro.2O2, 
Ceo.gSmo.2O2 thin films were examined by XRD analysis. Figure 75 shows a GAXRD 
pattern of the Ce0 2  thin film deposited on the AAO template. The sample exhibits 
peaks that correspond to the (111), (200), (220), (311), (222), (400), (331), (420) and 
(422) planes of the cubic fluorite structure (space group: Fm3m) of Ce0 2 , as 
identified from standard data (JCPDS 34-0394). The lattice parameter calculated from 
this pattern is 5.4104 Â which is in close agreement with that o f bulk Ce0 2  crystal (a 
= 5.4113 Â). The crystallite size of the film was found to be -6-7  nm and is close to 
the expected value for sol-gel materials derived at calcination temperatures o f up to 
700 °C [176]. Crystallite grain sizes were determined using the single-line method of 
de Keijser, based on the least-squares fitting of broadened peaks to a pseudo-Voigt 
function [177].
The GAXRD patterns of the doped ceria thin films, Ceo.gZro.2O2 and Ceo.gSmo.2O2 are 
also presented in Figure 75. The doped samples exhibit peaks that correspond to the 
planes of cubic ceria with fluorite structure and no separate phases were identified, 
indicating the successful incorporation o f Zr and Sm into the host Ce0 2  lattice to form 
a solid solution. In the case of Ceo.gSmo.2O2 the diffraction peaks shifted towards 
lower 2 0  angles (by 0 .2 °) whereas, in the case of Ceo.gZro.2O2, there was no 
measurable peak shift. When a dopant ion is introduced into the host lattice the unit 
cell undergoes contraction or expansion depending upon the size of the dopant cation. 
This variation of the unit cell size with the dopant size obeys Vegard’s law if a solid 
solution is formed [178]. The ionic radius of Zr"^ "^  is 0.84 Â, whereas Sm^^ is 1.14 Â. 
It is thus expected that in the case of the Sm doped Ce0 2 , the mismatch o f the ionic 
radii will result in unit cell expansion. For both types of films broadening was 
observed, indicative of the nanocrystallinity.
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Figure 75: GARXD pattern at 1° incident angle of CeO], Cco.gZro.gO] and 
Ceo.8Smo.2O2 sol-gel deposited thin films.
Calcinated thin films were also examined by X-ray photoelectron spectroscopy 
(XPS). Spectra of the CeO] thin film were obtained after argon ion etching its top 
surface for 30 seconds. The Ce 3d core-level spectra are presented in Figure 76 (a). 
Six Ce 3d binding energy peaks are identified at 882.6, 889.2, 898.6, 901.2, 907.8 and 
917 eV, corresponding to v, v2, v3 and u, u2, u3 components, as reported by Ardelean 
et al [179] and Rao et al [180] for Ce^\ No Ce^^ peaks were observed. It should be 
noted that the binding energies are shifted to slightly higher values (0.2-0.4 eV) 
compared to those reported by Rao et al [180], as the C ls hydrocarbon peak was 
referenced to 284.6 eV in the paper of Rao et al compared to the 285.0 eV 
hydrocarbon reference used in this work, and that of Ardelean et al [179]. In the O Is 
spectra (Figure 76 (b)) the peak splits into two separate components, of which the 
lower binding energy component (529.3 eV) is characteristic of the anions in bulk 
CeO] [181] and the higher binding energy component (531.3 eV) can be ascribed to 
either hydroxyl groups [180, 182] or absorbed O] (from atmospheric moisture) [182, 
183].
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Figure 76: (a) Ce 3d and (b) O Is XPS spectra of CeO] thin film.
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Figure 77: (left) Zr 3d and (right) Ce 3d XPS spectra of Cco.gZro^Ozthin film.
The chemical states of Zr and Ce in the Ceo.gZro.2O2 thin film were also examined. 
Two different doublets for each Zr 3 d5/2/Zr ddg/z core levels were observed, at 
181.5/184 eV and 182.6/185.2 eV, respectively, as shown in Figure 77. These two 
sets of peaks can be attributed to changes in local chemical and physical environment 
or to the presence of mixed valence states for zirconium, Zr^  ^ and Zf^ [184]. The Ce
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3d peak assignments of Ceo.gZro.2O2, match those obtained for Ce0 2 , described in 
detail earlier, with no indication of a Ce^^ contribution.
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Figure 78: XPS spectra of Sm 3d, O Is and Ce 3d of Ceo.2Smo.gO2 thin film.
The oxidation states of Ce and Sm of the obtained Ceo.gSmo.2O2 thin film were also 
examined by XPS and are presented in Figure 78. The Sm 3 d5/2 core level spectra was 
fitted with two sub peaks centred at 1082.9 and 1078.5 eV assigned to the Sm^^ and 
Sm^^ states respectively [185, 186]. These data indicate the coexistence of two 
oxidation states on the thin film surface. However, the presence of Sm^^ may be due 
to the in situ photo-reduetion of Sm^^ to Sm^^ under ultrahigh vacuum (UHV) 
conditions during XPS measurements [185]. Bao at el [187] suggested that Sm^^ 
exists only on the surface, while Sm^^ exists in the material bulk. The binding energy 
values for all three materials are summarised in Table 3 for easy referencing.
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I n ? # # #
Ce 3d;/2 Ce 3d3/2 0  is Zr 3d;/2 Sm 3ds/2
C eO z 882 6 901 529 .3 531 .3 - - -
Ce,3.8^%:,0 i 882:6 7 901 r 529 .5 531 •3 181.5 184 -
Cco .gSmo,2^2 882 6 900.8 529 1 531 .9 - 1082.9 1078.5
Table 3: XPS comparative peak position for Ce0 2 , Ceo.gZro.2O2, and Ceo.gSmo.2O2 thin 
films.
6.3. CeOi, Cci.xZrxOi and Cei_xSmx0 2 powders
The urea-hydrolysis method was also implemented to obtain Ce0 2  and homogeneous 
Cei-xZrx0 2  and Cei_xSmx0 2  (x=0.2-0.8) powders. Precipitated sols were eolleeted, air- 
dried and then calcinated, as described in section 3.3.2.1., to obtain nanocrystalline 
powders commonly used in catalysis. The morphology has been studied for the Ce0 2 , 
Ceo.gZro.2O2, and Ceo.gSmo.2O2 powders but the structure of different Cei_xZrx0 2  and 
Cei-xSmx0 2  stoichiometries was examined.
6.3.1. Morphology
The resultant Ce0 2  produet revealed various morphologies which can be categorised 
into three types of aggregates; petal, rhombic and flower-like structures which are 
shown in low magnification SEM images in Figure 79. Closer examination of the 
crystals reveals that they eonsist of a densely packed strueture of numerous sheets or 
lamellae (a few tens o f nanometers thick), stacked in a 1-D, 2-D or 3-D manner. The 
3-D orientation leads to the formation of a micro-flower.
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Figure 79: SEM images of various CeOi partiele morphologies.
In the case of the Ceo.gZro.2O2, similar formations to the Ce0 2  samples were observed. 
Predominant shapes are petal-like and flower-like structures and are presented in 
Figure 80.
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Figure 80: SEM images of Ceo.gZro.2O2 particles.
However, the most eomplex and interesting of arehiteetures are those obtained by the 
Sm doped-ceria. Figure 81 shows examples of these 3-D crystal cluster arehiteetures.
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ranging from 2 to 15 pm in size. Eaeh eluster eonsists of many petals/lamellas, which 
are orderly and densely packed to form a multilayer structure arranged in a flower- 
like fashion. The micro-flowers consist of hundreds of petals approximately -5 0  nm 
thick. On this basis, these self-assembled architectures ean be elassified as 
hierarehieal struetures.
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Figure 81: SEM images of Ceo.gSmo.2O2 particle assemblies (micro-flowers) (top) and 
actual corresponding flower types (bottom). Dahlia (left) and Coreopsis (right) of the 
Asteraeheae family.
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6.3.2. Structure
The structure of pure CeOi power and Cei-xZrxO] and Cei.xSmx0 2  solid solutions 
were examined by XRD. As described in section 2.5.1., Zr- and Sm- doping additions 
into the ceria lattice is an important structural modification, leading to materials with 
enhanced properties. For this purpose, the solubility of Zr and Sm in CeOi has been 
investigated via XRD studies of Cci.xZrxO] and Cci-xSmxOi where (x= 0^0 .8) solid 
solutions.
Firstly, CeOi powder obtained via the urea hydrolysis method (described in section 
3.2.2) was studied. The hydrolysis promoter, urea ((NH2)2CO) was added at a 
CeiUrea molar ratio of 1:40 and 1:20 and its effect on the crystal structure of 
Ce0 2 was investigated. Figure 82 shows the XRD peaks of the Ce0 2  product obtained 
via two different Ce:Urea molar ratios. The peaks were indexed to the Ce0 2  cubic 
fluorite structure and no apparent effect was observed. Peak position (111) was found 
at 20 angle of 28.62° for both samples, with lattice parameter (a) calculated at 5.4021
(A).
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Figure 82. Powder XRD scans of Ce0 2  obtained at 1/20 and 1/40 Ce:Urea molar 
ratios.
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In order to examine the incorporation of dopants such Zr and Sm and the formation of 
mixed Zr-Ce and Sm-Ce oxides, four Cci-xZrxO] and Cci-xSmxOi compositions were 
synthesised and examined by XRD. Figure 83 shows the obtained XRD patterns of 
the various stoichiometries for CcixZrxO] and Cci.xSmxO] powders where x= 0 , 0 .2 ,
0.4, 0.6, 0.8.
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Figure 83: Powder XRD scans o f Cci.xZrxO] and Cci.xSmxO] solid solutions where a, 
b, c, d and e corresponds to x=0, 0.2, 0.4, 0.6 and 0.8 respectively.
The Cci-xZrxO] XRD scans exhibited broad peaks indicative of a nano crystalline 
material which were attributed to the fluorite cubic strueture. Significant shifting of 
the peaks in relation to the control sample, CeOi, is indicative of the successful 
incorporation (by substitution) of Zr into the lattice. Increasing substitution of Zr into 
the CeO] lattice leads to XRD peaks to shift to higher 20 angles. As the zirconium 
radius is smaller than that of cerium (for 8 -coordinated rzr4+=0.84 Â; rcc4+ =0.97 
A), substitution of larger Ce'^^ions by smaller Zr^^ i^ons cause a contraction of the 
lattice cell volume. Therefore, the lattice parameter is expected to show a linear 
reduction with increasing Zr content. This has been confirmed by the calculated 
lattice parameters (a), summarised in Table 4.
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Due to the smaller lattice constant o f ZrOi, the Zr-0 bond lengths are slightly shorter 
than Ce-0 bond lengths. When a Ce"^ "^  ion is replaced by a Zr"^ ”^ in the fluorite lattice, 
the mismatch of the bond lengths will result in lattice distortion which determines 
how much Zr can be substitutionally incorporated into the CeOi without destabilising 
the fluorite structure [188]. Literature reports that the Ce-Zr mixed oxides have quite a 
complex phase diagram, due to the presence of a number of stable and metastable 
phases of tetragonal symmetry [189-191]. Three different t, t', and t "  phases are 
reported based on XRD and Raman investigations [189-191]. A t phase which is 
formed through a diffused phase decomposition, a f  phase which is obtained through 
a diffusionless transition, and a t "  phase which is an intermediate between t ' and 
cubic CeO] and very close to the fluorite cubic structure [189-191]. The t ” phase is 
generally referred to as a cubic or pseudocubic phase with an XRD pattern 
corresponding to the cubic Fm3m space group but with an internal tetragonal 
symmetry due to oxygen displacement from the ideal fluorite crystal structure [190]. 
It is difficult to identify these phase transitions by XRD data alone. For intermediate 
Cei-xZrx0 2  compositions (with % between 0.35 and 0.65) the metastable tetragonal 
phase (phase f )  is characterised by either asymmetric peaks or splitting of the (2 2 0 ) 
and (311) CeOi peaks [190]. No assymetry or peak splitting has been observed here 
therefore, a single-phase of Cei_xZrx0 2  (x 0 -0 .8 ) has been obtained across the entire 
doping range. The results agree with those found by Si et al [192] and Kalamaras et 
al.
( C e i . , .S m A
X Lattice parameter (Â) X Lattice parameter (Â)
0 5.4114 (JGPD) 0 5.4114(JCPD)
0 5.40584 0 5.40584
0.2 5.40584 0.2 5.44312
0.4 5.2723 0.4 5.43937
0.6 5.2409 0.6 5.45818
0.8 5.1690 0.8 5.48856
Table 4. Lattice Parameters for the Cei xZrxOz and Cei.xSmxOzS solid solutions, 
calcinated at 500 °C.
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Cei-xSmx0 2  XRD peaks were also indexed to the cubic fluorite structure across the 
entire doping range. In the case of the Cei.xSnix0 2  solid solutions, the difference in the 
lattice parameter shift can be related directly to the ionic radii o f the dopant. As the 
ionic radius o f Sm^^ (r =1.08 Â) is larger than that of Ce' ’^*’ (r =0.97 A), the lattice 
constant is larger for the Sm-doped samples compared to pure CeÛ2 . Such an 
expansion of host lattice leads to the uniform strain in the lattice, as the material is 
elastically deformed. This expansion changes the lattice-plane spacing and diffraction 
peaks shifts to lower 20 positions. S. F. Wang et al [193] reported shifting to lower 
angles for stoichiometries Cei_xSmx0 2  (x= 0.1, 0.2, 0.3) at 0.14°, 0.25° and 0.36° 
respectively. Therefore, the lattice parameter and the unit-cell volume o f doped ceria 
are expected to increase with increasing Sm concentration. This is in agreement with 
the calculated lattice parameters given in Table 4.
6.3.3. In-situ high temperature XRD study of Ceo.8Zro.2O2 and 
Ceo.sSmo.2O2 in an oxidising and reducing atmosphere
Due to its redox properties, ceria is a key component in three-way catalysts. Ceria- 
supported noble-metal catalysts are capable o f storing oxygen under oxidizing 
conditions and releasing oxygen under reducing conditions via the facile conversion 
between Ce' '^’ and Ce^^ oxidation states. Oxygen anion vacancies in ceria are 
considered to play an essential role in catalytic reactions. To enhance the redox 
properties and thermal stability o f pure ceria additives are used to form solid solutions 
of the Cei.xZrx0 2  type (x > 0.5). Furthermore, suppression of crystallite growth in 
inorganic nanostructured materials at elevated temperatures is important in catalysis 
applications. Elevated operating temperatures such as 900°C in exhaust stream 
catalysts for example, give rise to a thermodynamic driving force for crystallite 
growth. This crystal growth accompanies a deerease in the catalyst specific surface 
area and, in some cases, specific activity [194]. Therefore, the ability to maintain 
small particle sizes preserves high specific surface areas and high catalytic activity 
[194]. In this study Zr"^ ”^ and Sm^^ cations have been successfully incorporated into the 
host network of Ce0 2  (as demonstrated by the XRD analysis described previously) to 
form Ce1.xZro.2O2 and Ce1.xSmo.2O2 solid solutions. Pure ceria is prone to coarsening
154
at modest temperatures therefore the dopant additions, suppress crystallite growth by 
various ways which include the presence of metastable phases and pinning of crystal 
boundaries by other phases or dopant cations and thus preserving high specific surface 
areas [194].
In order to investigate the thermal stability o f Zr- and Sm-doped Ce02,an in-situ High 
Temperature XRD study was employed. Samples were examined under reduction 
(H2) and oxidation (O2) conditions. Air dried Ceo.8Zro.2O2 and Ceo.gSm202 samples 
were annealed and analysed in situ at a temperature range of 300-700 °C in O2 and 
H2 . Unfortunately, no in-situ data is currently available on the crystallisation of Ce02 
under the same temperature range and gas environment and therefore, no discussion 
will be made on the improvement o f pure ceria’s thermal stability by the dopant 
additions. However, the evolution o f crystallite size for each solid solution and lattice 
parameter changes will be discussed and a comparison between them will be made.
\n-situ XRD scans for the Ceo.gZro.2O2 and Ceo.gSmo.2O2 powders exposed to 
increasing temperatures in atmospheres o f O2 and H2 are presented in Figures 84 and 
85. Broad peaks with low intensities were observed at low temperatures. With 
increased temperature, the diffraction lines clearly gain intensity and become better 
defined indicating improved crystallinity. A slight peak asymmetry can be observed in 
the case o f Ceo.gZro.2O2 however, no phase transformation was identified for either 
sample. A reasonable estimate o f the crystallite size was calculated from the FWHM 
of the diffraction lines. Figure 86 shows changes o f the crystallite size as a function o f 
temperature and gas environment. The crystallite size of pure Ce02 synthesised under 
the same conditions and annealed at 600 °C, was found earlier to be ~6-7 nm.
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Figure 84: In situ HT-XRD patterns of Ceo.gZro.2O2 obtained for a temperature range 
of 300-700 °C in O2 and H2 .
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Figure 85: In situ HT-XRD patterns of Ceo.8Smo.2O2 obtained for a temperature range 
of 300-700 °C in O2 and Hz.
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Figure 8 6 : Crystallite size changes as a function of temperature and gas environment.
The Cco gZro.iOi exhibited the best resistance to crystallite growth during reduction 
and oxidation compared to the Sm-doped ceria. The crystallite size at 300 °C was 
calculated at 6.9 and 7.6 nm in O2 and H2 respectively which in close agreement to the 
pure Ce0 2  value of 6-7 nm. During oxidation, crystallite size increased by 19% and in 
reduction by 16%, reaching values of 8 .2  and 8 .8  nm respectively.
Lattice parameters of Ceo gZro ^ O^  in O^ Lattice parameters of Cco gZro jOj in Hj
Temperature (°C ) Lattice parameter (A ) Tem peratm e (°C ) Lattice param eter (A )
300 5.4141 300 5.4206
400 5 .4178 4 00 5 .4327
500 5 .4250 500 5.4433
600 5.8.342 600 5 .4570
700 5 .4416 700 5 .4999
Table 5: Lattice parameter changes of Ceo.gZro.2O2 in O2 and H2.
The Ceo.gSmo.2O2 solid solution on the other hand, exhibited overall poorer thermal 
stability compared to Ceo.gZro.2O2 . The crystallite size at 300°C was calculated at 8.9 
and 14 nm, in O2 and H2 respectively. These values deviate considerably from the
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pure Ce02 crystallite size of 6-7 nm. During oxidation, there was an increase by 29%, 
whereas under reduction, the increase was 49%.The crystallite size changes were 
further correlated with lattice parameter changes, which are presented in Table 6.
Lattice parameters of Ceo gSmg zO^  inOj Lattice parameters of Ceo gSmg zO; in H;
Tem perature (®C) L attice param eter (A) Temperature (°C ) L attice param eter (A)
30 0 5 .4 8 3 6 300 5 .4 7 1 9
4 0 0 5 .4 8 3 0 4 0 0 5 .4 8 1 8
5 00 5 .4 9 2 7 50 0 5 .4 9 1 2
6 0 0 5 .5 0 8 1 6 0 0 5.5102
7 0 0 5 .4 4 1 6 7 0 0 5 .5 3 4 5
Table 6: Lattice parameter changes o f Ceo.8Smo.2O2 in O2 and H2.
Lattice parameters increased for both samples in O2 and H2 . However, there was a 
significant increase for both Ceo.sZro.2O2 and Ceo.sSmo.2O2 under reduction (5.49 Â 
and 5.53 Â respectively). This is to be expected as cell expansion occurs under 
reducing conditions as a result o f reduction of Ce' ’^^  to Ce^ "^  and formation o f 0^‘ 
defects [195]. Ce02 crystallizes in the fluorite structure, in which the Ce"^ ”^ cation is 
surrounded by eight equivalent 0^~ ions forming the comer o f a cube, with each (Ÿ~ 
coordinated to four Ce"^ *^  ions. The coordination number of Ce"^ ”^ to reduces from 
eight to seven and introduces Ce^ "*” ions into the crystal lattice, as Ce^ "^  ions have a 
higher ionic radius 1.034 Â as compared to the Ce"^  ^ ions 0.92 Â. The introduction of 
the oxygen vacancies and the accompanying Ce^^ ions leads to a distortion o f the 
local symmetry. This causes the change in the C e-0  bond length lattice distortion and 
the overall lattice parameter [195]. The lattice expansion under reducing conditions of 
49% for Ceo.sSmo.2O2 was greater than the 16% observed for Ceo.sZro.2O2 . Therefore, 
it can be concluded that reduction of Ce"^ "^  to Ce^ "^  and formation o f O^' vacancies was 
greater for Sm-doping, compared to Zr-doping. Furthermore, sorption o f H2 into the 
bulk o f Ce0 2  will also lead to lattice distortion.
For both samples there was a significant increase in the size of the crystallites at 
temperatures above 600 °C. This finding is consistent with reports that the unit cell 
expansion of Ce02 at temperatures above 600 °C is accompanied by sintering [196].
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Therefore dopant additions at these low concentrations (x =0.2), did not increase the 
temperature at which this occurs. However, an increased redox activity has been 
observed based on the changes on the lattice parameters under reduction and re­
oxidation, particularly in the case o f Sm-doping. This is in agreement to reports that 
doping CeOi with Gd2 0 3 , Sm2 0 s, or La2 0 3  leads to enhanced catalytic activity and 
ionic conductivity.
6.4. Discussion - Complex 3-D nanostructures
The aqueous sol-gel process seems simple in terms of processing; however it involves 
some complex chemistry. In the case of aqueous metal salt solutions, the high 
reactivity of the metal oxide precursors towards water and the double role of water as 
a ligand and solvent together with, the large number of reaction parameters that have 
to be strictly controlled, indicating that sol-gel chemistry is far from simple. The 
hydrolysis and condensation rate of the metal oxide precursors, pH, temperature, 
method of mixing, rate of oxidation and the nature and concentration o f anions are 
some of the parameters which need to be controlled in order to provide good 
reproducible results. Nevertheless, in this study a synthesis protocol was established 
and good repeatability of results was achieved.
A variety of complex 3-D nanomaterials such as a novel nanowalled Ce02 thin film 
and Ce0 2 , Ceo.8Smo.2O2 microflowers were obtained via the controlled hydrolysis of 
metal salt precursors assisted by the decomposition of urea in the aqueous solution. 
Although similar 3D architectures have recently been reported [197-200] and have 
received a huge interest due to their promising shape-dependant properties, their 
formation mechanisms, still seem to remain unclear among materials chemists. 
Several factors, including crystal-face attraction, electrostatic and dipolar fields 
associated with the aggregate, van der Waals forces, hydrophobic interactions, and 
hydrogen bonds, may have various effects on the self-assembly of these structures 
[200].
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Heller and Brinker et al [61], have summarised the formation of different 
nanostructures (e.g., 1-D rods, 2-D plates and spheres) as a result of building blocks 
of colloidal particles (sols) in solvents. Colloids and solvent are both susceptible to 
phase separation and colloids segregate into coneentrated regions surrounded by the 
bulk fluid. Concentrated regions of colloids, (termed by the authors as ‘coacervates’), 
when regularly oriented form tactoids (Figure 87), which either as a result o f being 
dried or the repulsive barrier between the colloids being reduced are turned into rigid 
structures called crystalloids. These ‘crystalloids’ are certainly the building blocks for 
the interesting nanostructures observed in this study. However, the summary by 
Heller and Brinker does not explain the mechanisms by which coacervates aggregate 
into rod, plates or spherical tactoids and more importantly how these building blocks 
self-assemble into larger complex 3-D structures.
coacervates tactoids crystelWs flocks
rods # 1 1
plates # —
spheres o °o V o °o $ #
Figure 87: Principal types of nanostructures derived from colloids [61].
In an interesting study by Zhou et al [198], ceria nanoflowers were obtained by 
thermal decomposition of ammonium cerium(IV) nitrate (NH4)2Ce(N0 3 )6 . In their 
experiment NO3' ions were identified as the conductive species which they measured 
in situ. They reported that at a specific temperature range 230-250 °C, a sudden 
increase in free NO3' ions occurred accompanied by violent reaction conditions. The 
authors proposed that clusters (discrete truncated octahedron-like particles and 
aggregates containing two or three such particles) initially formed by the hydrolysis of 
the precursors. Abundant ligands adsorbed on the Ce0 2  cluster surfaces disappeared, 
and an increase in temperature led to a strong redox reaction between ammonium
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cerium nitrate (a strong oxidising agent) and the reducing surfactant ligands. In order 
to reduce the total energy of the whole particle system, CeOi nanoflowers formed 
spontaneously by 3D oriented attachment o f clusters. The authors proposed that if  a 
gradual decomposition of the ligands would occur, fewer active surfaces would be 
exposed and so Ostwald ripening would occur, rather than the 3-D oriented 
attachment, resulting in random polyhedra.
According to Matijevic [201] uniform particle formation in colloid synthesis usually 
follows a two stage growth. Initially, solutes are formed to yield a supersaturated 
solution, leading to nucléation. The formed nuclei may further grow by diffusive 
mechanism. The resulting primary particles in turn aggregate to form secondary 
particles. This latter process is sometimes facilitated by changes in the chemical 
conditions in the system: the ionic strength may increase, or the pH may change, 
causing the surface potential to approach the isoelectric point. Formation o f the final 
(secondary) particles is also a diffusion-controlled process, proceeding by the 
addition-polymerization type process of irreversible capture o f single primary 
particles by the growing aggregates [2 0 1 ].
In this study, the supercritical stage would coincide with an increase in temperature 
leading to a sharp change in the pH. As will be later discussed, the precipitation of 
metal ions was assisted by the decomposition of urea which has been used in this 
study as the precipitation agent. At a critical temperature range (of ~90°C) the 
decomposition of urea (CH4N 2O) in an aqueous solution is accompanied by a 
controlled but possibly rapid release o f ammonia (NH3) and carbon dioxide (CO2). 
The degradation of urea in synchrony with the active release of OH" and C0 3 ^" ions, 
leads to a supersaturated solution by precipitation o f metal hydrous oxide particles of 
controlled particle morphology and hence marks the start o f the nucléation process 
(the kinetics o f urea-assisted hydrolysis and the pH evolution as a function of 
temperature, will be discussed again in Chapter 7). Therefore, the onset o f nucléation 
corresponds with the sudden increase in pH. According to the aforementioned growth 
method a fast nucléation of amorphous primary particles is followed by a slow 
aggregation and crystallization of primary particles [200]. In the case o f microflowers 
for example, primary particles aggregate into nanoplate tactoids which subsequently 
self-assembled by attachment in a 3-D orientation.
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The hydrolysis rate of precursors affects the growth rate o f the crystal particles, which 
leads to various morphologies during the hydrolysis process.
6.5. Conclusions
i. A synthesis protocol for controlled hydrolysis o f metal salt precursors 
assisted by the decomposition of urea in the aqueous solution was 
established. A number of nanocrystalline ceria and doped-ceria based 
materials were obtained exhibiting novel complex 3-D architectures.
ii. The morphological evolution of nanostructures such as nanowalls and 
microflowers is not fully understood at this point, however, the grovrth 
mechanism is attributed to interaction between primary particles forming 
rod and plate tactoids and their subsequent self-assembly in a 2-D or 3-D 
orientation.
iii. Typically, surfactants, template and matrices are used to promote and 
control the shape of the crystals. In this study however, self-assembled 3-D 
architectures were obtained by a simple sol-gel urea-assisted hydrolysis 
method. The method can be applied to the synthesis of other lanthanide 
nanostructured materials.
iv. The novel ‘nanowalled’ CeOi thin films are expected to exhibit enhanced 
catalytic and gas sensing properties due to the large number o f open-sharp- 
edges and increased surface area.
V . The Sm-doped ceria micro-flower structures are also expected to have
enhanced catalytic properties due to the increased surface area (available 
sites for adsorption).
162
vi. The in-situ HT-XRD study showed a significant lattice parameter increase 
under reducing conditions. A lattice expansion of 49% was found for 
Ceo.8Smo.2O2 and 16% for Ceo.8Zro.2O2 , which can be attributed to 
reduction o f Ce"^ "^  to Ce^ "^ . Thus, based on lattice parameter values, the very 
important catalytic property o f Ce0 2  to readily shift from Ce"^  ^to Ce^^, has 
been enhanced in the case o f Sm-doping compared to Zr-doping. 
Ceo.sZro.2O2 exhibited the best resistance to crystallite growth during 
reduction and oxidation compared to Ceo.sSmo.2O2 .
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Chapter 7. Synthesis and characterisation 
of Ce-doped Y-AI2O3 nanowires via sol-gel 
and poroMS alnmina templates
7.1. Introduction
In the previous chapter, a urea-assisted metal salt (lanthanide nitrates) aqueous sol-gel 
method has been developed that is capable of producing a wide range of 
nanomaterials. In this chapter, this method has been applied to porous alumina 
templates as a synthesis route to obtain nano wires. However, it will be shown that the 
treatment of the porous alumina templates in the cerium nitrate aqueous solution at 
90-100 °C (temperature range necessary for the decomposition o f the large 
concentration of urea) did not lead to the deposition of CeOi within the alumina 
template. Instead, surprisingly; the precipitation o f Ce-AIOOH occurred, which upon 
heat treatment (calcination) crystallised into Ce-doped Y-AI2O3 nanowires. The 
morphology and crystalline structure of the synthesised nanowires as well as the 
associated reaction kinetics and formation mechanisms are discussed in great detail. 
Preliminary results on other (Ce-Zr-Sm-La) doped-Y-Al2 0 3  nanowires synthesised by 
the same method are also presented. Finally, alumina nanotubes obtained by the 
partial dissolution of porous membranes, is also presented and discussed.
7.2. Synthesis
A temperature-controlled urea hydrolysis sol-gel method, with cerium nitrate as the 
precursor material was employed, with the intention of depositing Ce0 2  within the 
porous alumina templates. During the synthesis process, the nanowires precipitated 
inside the pores, causing them to fill completely, as seen in Figure 8 8  (b). Following 
calcination and partial etching of the template in NaOH, free-standing nano wires were 
evident (Figure 8 8  (c)). Finally, the AAO was completely dissolved in order to collect
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nano wires for further charaeterisation. Figure 8 8  (d) shows isolated nano wires 
mounted on a Si wafer.
Cerium nitrate solution at 90 °C
m .
CeO, thin film
B Calcination & partial removal o f  thin film and AAO
r  If
^
Alumininnt. - -
n Isolation o f  nanowires- substrate mounting
(d)
Figure 8 8 : Schematic representation of the nanowire formation paired with SEM 
images: (a) Plan view of a typical porous alumina template; (b) Filled template after 
the sol-gel treatment; (e) Ce-doped y-Al2 0 3  nano wires following calcination at 500 °C 
and etching in NaOH to partially remove the AAO template; (d) Isolated nanowires 
on a Si wafer after detachment from the A1 substrate and complete dissolution o f the 
AAO.
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Figure 89: SEM of porous alumina templates treated in a eerium nitrate-urea aqueous 
solution for various periods ranging from 5 min to 2.5 h. The threshold immersion 
period for complete filling was found to be 30 min.
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Figure 90 shows low and high magnifieation SEM images of a filled template. The 
metal oxide nanowires formed inside the pores ean be clearly seen and distinguished 
from the template material by their lighter grey colour. Synthesised nanowires were 
isolated (method described in Chapter 3) and examined by SEM, TEM, EELS and 
SAED to establish their morphology and crystal structure. The results are presented 
and discussed below.
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Figure 90: Plan view SEM images of a filled template after treatment in the solution.
7.3. The morphology and structure of Ce-doped y -AI2O3 
nanowires
Figure 91 shows a typical SEM image of the synthesised Ce-doped 7 -AI2O3 nano wires 
which were obtained after the partial dissolution of the AAO template in NaOH. A 
high density of nano wires is evident, each nano wire being several microns in length. 
The morphological characteristics o f the nanowires were more closely examined 
using TEM. Example TEM images of free-standing nanowires, after completely 
etching away the AAO template in NaOH, are shown in Figures 92 (a) and (b). The 
nanowires have a uniform thickness and structure. The secondary electron image in 
Figure 92 (b) shows that the nano wire is approximately 50 nm in diameter. It has a
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‘coarse’ texture and its bulk eonsists of apparently randomly oriented nanocrystallites. 
SEM and TEM characterization revealed that the nanowires were up to tens of 
microns in length, with diameters of 50-70 nm. Their diameter distribution matches 
the pore sizes ranges of the applied AAO template.
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Figure 91: SEM image of high aspect ratio Ce-doped y-Al/Og nanowircs after the 
partial removal of the AAO template.
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Figure 92: TEM bright field images: (a) a bundle of nano wires; (b) high 
magnification image of a single nano wire.
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Compositional analysis of the nanowires was examined using EELS. Figure 93 (a) 
shows a small group of nanowires indicated on the image as area (B) and a 
nanoparticle as (A). EELS analysis performed in each location revealed that the 
nanowires consisted largely of A1 and O and that the particle was a CeO] fragment, 
most probably originating from the sol- gel surface layer. The EELS Ce M4,5 edge 
obtained directly from the nanoparticle is given in Figure 93 (b) and represents 
transitions from the spin-orbit split 3d-orbital to empty states in the 4p and 4f- 
orbitals, with the transitions to 4 f dominating due to the much higher cross-section 
than that of transitions to 4p. The shape is consistent with that given by Garvie and 
Buseck [202] and other authors [203, 204] for Ce"^ ”^ (CeOz). The Ce^ ^^Ms and M4 edges 
consist of two maxima separated by 17.6 eV (indicated as A and A' in Figure 93 (b)), 
that correspond to electron transitions from the 3ds^ and respectively. The M5 
maximum has been aligned to that given by Garvie and Buseck at 884.0 eV [202]. 
The M 5 and M4 peaks are further degenerated, with small satellite peaks on the high 
energy side (indicated as B and B' in Figure 93 (b)) at 889.3 and 906.5 eV 
respectively, assigned to crystal-field splitting. The high resolution TEM image 
(Figure 93 (c)) shows the presence o f crystallites, with a lattice fringe spacing which 
is consistent with that of bulk Ce0 2  d ( l l l)= 3 .12 Â and a selected area electron 
diffraction (SAED) pattern taken of a similar particle together with surrounding 
nanowires (Figure 93 (d)) shows reflections assignable to CeOi. Hence, we concluded 
that this nanoparticle is a fragment o f the Ce0 2  sol-gel deposited thin film.
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Figure 93: (a) TEM image of nanoparticle and nano wires (b) EELS Ce M4,5 edge 
spectra o f nanoparticle (c) HRTEM image of nanoparticle (d) SAED pattern obtained 
from area shown in (a).
The crystalline nature of the nanowires was investigated by SAED and bright- and 
dark-held imaging. As mentioned above, Figure 93 (d) shows a SAED from an area 
containing both a CeO] nanoparticle and a few nano wires. In addition to the CeO] 
reflections, other diffraction rings could be assigned to the y-Al]0] phase, (Figure 93 
(d)). The corresponding bright- and dark-field TEM images in Figure 94 clearly show 
the nanocrystalline nature of the nanowires, with the average y-Al]0] grain size being
2-3 nm. The dark-field image was obtained by forming an image with the (400), (222) 
and (311) reflections of y-Al]Os in Figure 93(d).
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mFigure 94: Bright field (a) and dark field (b) TEM images of nanowires.
To obtain more detailed information on the chemical composition o f the nano wires, 
EELS data for Al, O and Ce, was recorded by scanning the beam across two 
nanowires, as shown in Figure 95 (a). The EET.S spectra generated for each element 
were integrated intensities from each point on the linescan. The thickness of the wires 
analysed in Figure 95 (a) is -0.4A (where X is the mean free path for inelastic 
scattering, which for alumina is 116 nm [205]) therefore correction of the spectra for 
thickness artefacts is not necessary. The spectra showed high intensity Al L-edge and 
O K-edge and a smaller Ce integrated M-edge signal. These high Al and O peak 
intensities are consistent with the identification of y -AI2O3 in the SAED pattern o f 
Figure 93 (d). Figure 95 (b) shows the integrated Ce M4 5 edge from a single 
nanowire, corresponding to linescan A in Figure 95 (a). The Ce M4 5 edge shape and 
peak positions are significantly different from that of Ce^^^described earlier for the 
CeO] nanoparticle (superimposed on Figure 95 (b) with a dashed line). In particular, 
for the nano wire, the high energy satellites (labelled B and B' in Figure 93(b) and 
marked by arrows in Figure 95 (b) characteristic of Ce'* ,^ are no longer present. The 
nano wire Ce M4 $^ peak shape is consistent with that reported by Garvie and Buseck 
[202] for Ce^^ (Cc]0 3 ) and again the M5 peak maximum in Figure 93 (b) has been 
aligned with their value of 882.0 eV. In addition to the peak shape, the intensity ratio
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between the and M4 edges can also be used to determine the valence state of Ce 
[202].
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Figure 95: (a) STEM image indicating EELS linescan location; (b) comparative 
EELS Ce M4 5  edge for the nano wires (solid line) and CeO] nanoparticle (dotted line); 
(c) comparative 0/Al/Ce linescan intensities (displayed as core-loss signal instead of 
composition, due to the absence of a scattering cross-section for the Ce M-edge. The 
Al and Ce intensities have been multiplied by a factor of ten for presentation 
purposes).
In the nanowires examined here, the M 5 /M 4  ratio across the nano wire was found to be
0.80 which is comparable to the 0.82 reported value for CciOg and for the CeO]
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nanoparticle, the M5A I4 ratio o f 0.60 is comparable to the reported value of 0.67 for 
CeO2 [2 0 2 ].
With regard to establishing the Ce content in the 7 -AI2O3 nanowires, quantification is 
problematic due to the absence o f a reliable EELS cross-section for the Ce M-edge. 
An experimentally determined value for Ce was evaluated, utilizing the EELS results 
from the Ce0 2  nanoparticle. A seeond linescan (marked as B on Figure 95(a)) was 
taken across two nanowires. Figure 95(c) presents the raw integrated intensities under 
the Al, O and Ce edges across the nanowires. The O intensity in both nanowires is 
similar. The Al intensity is high and Ce intensity low in the first nano wire. In the 
second nanowire, the Al intensity is slightly lower and Ce intensity slightly higher. 
This would suggest that there may be an inverse relationship between the Al and Ce 
intensities (possibly indicative of a substitution/exchange of Al and Ce within the 
nanocrystalline oxide structure), but more results would be required to confirm this. 
Due to the large energy loss cross-seetion for the Ce M-edge, when quantified, the Ce 
concentration is found to be <1 at.% and the A1:0 atomic ratio approximately 2:3 in 
both nanowires.
The TEM and EELS analysis, demonstrated that Ce-doped y-Al2 0 3 nanowires are 
formed. The y-Al2 0 3  grain size is approximately 2-3 nm and Ce is found to be present 
as Ce^ "^  ions within the nanowires, at a concentration of < 1 at.%.
7.4. Other doped-Y-AliOsnanowires
The synthesis method was exploited further for doping y-Al2 0 3 nanowires with other 
cations, particularly rare-earth cations as the benefieial effects of lanthanide additions 
to the thermal and structural stability of y-Al2 0 3  are well-known. For this reason, 
hydrothermal pore-sealing/sol-gel synthesis was implemented for synthesising y- 
A I2 O 3  nanowires doped with Zr, Sm, La and Y. Cerium nitrate (Ce(N0 3 )3), samarium 
nitrate (Sm(N0 3 )3), zirconyl chloride (ZrOCl2), lanthanum nitrate (La(N0 3 )3) and 
yttrium nitrate (Y(N0 3 )3) n a aqueous urea solution (ZrOCl2 in a aqueous-ethanol 
solution) were introduced in stoichiometric amount in the solution, to obtain doubly 
doped y-Al2 0 3 uanowires. SEM and TEM results revealed positive preliminary results,
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with the exception of Y, which was unsuccessful. The morphology analysis of three 
different types of nano wires, namely, Ce-Sm-, Ce-Zr- and La-doped y-A^Os, is 
presented below.
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Figure 96: SEM images (a) and (b) and bright field TEM images (c) and (d) of Ce 
Sm-doped-y-ALO] isolated nanowires.
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Figure 97: SEM images (a) and (b) and bright field TEM images (c) and (d) of Ce- 
Zr-doped-y-AhOs isolated nano wires.
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Figure 98: SEM images (a) and (b) and bright field TEM images (c) and (d) of Ce- 
La-doped-y-AhO] isolated nanowires.
Figures 96, 97, and 98 show SEM and TEM images of isolated Ce-Sm, Ce-Zr- and 
La-doped y-ALO] nanowires, respectively. As in-house prepared porous aluminas 
were used as a templating material, the geometrical characteristics were as expected, 
and found to be in agreement to those observed for y-A^Os nanowires. Nanowires 
several micrometres in length with diameters ranging between 50-70 nm were 
observed. A coarse nanowire texture was again evident for all newly obtained 
nanowires, similar to that reported previously for the Ce-doped y-ALOg nano wires. 
Slight differences in the texture between nanowires were observed, particularly in the 
case of Ce-Zr, where a large number of particles were attached along the nanowire
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length. The Ce-Zr solid solutions (thin films and powders described in Chapter 6 ) had 
also exhibited morphological differences compared to the other Lanthanide based 
solid solutions. This may be attributed to the addition of ethanol in the Ce-Zr solution, 
compared to the aqueous metal salt, in the case of the Ce-Sm and La doped Y-AI2O3 
nanowires.
Although, the preliminary analysis exhibited the formation o f nanowires, time 
limitation meant that no eharacterisation work could be undertaken to determine the 
crystalline structure or successful incorporation o f dopants (including chemical state 
and concentration). Further analysis is required to examine all o f the above. 
Nevertheless, the morphological results indicate that the methodology for nanowire 
formation can most probably be extended to include these other very interesting 
chemical compositions and are presented here as a basis for recommendations of 
further work (which will be discussed in the Chapter 8 ).
7.5. AI2O3 nanotubes
In template-assisted methods for obtaining nanotubes or nanowires, a necessary step 
for ‘harvesting’ the nanomaterials, is to dissolve the template itself. In the ease of 
porous anodic aluminium oxide templates, one method is by dissolution in an aqueous 
sodium hydroxide (NaOH) solution. However, by adjusting the solution coneentration 
and etching duration, porous templates are dissolved in a controlled manner yielding 
1-D nanostructures such as nanowires and nanotubes. It was found that nanotubes can 
be obtained if  porous templates are etched in IM  NaOH for 10 minutes at room 
temperature. Figure 99 shows typieal SEM images of alumina nanotubes obtained by 
the partial dissolution of porous alumina templates.
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Figure 99: Alumina nanotubes obtained by the partial dissolution of the porous AAO 
template.
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Figure 100: TEM images of alumina nanotubes.
Isolated nanotubes were washed and collected by centrifuge before being examined 
by TEM. Figure 100 shows fragments of nanotubes about 500 nm in length with a
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-70-100 nm outside diameter. The thickness of the nanotubes appears to be only a 
few nm thick. This thickness appears to be variable or the surface is perforated.
As mentioned Chapter 2, anodic films consist of a duplex structure [39, 40] presented 
schematically in Figure 101. About 90 % of the structure is the outer layer (layer 
surrounding the pore), which is comprised of anion-contaminated alumina; the other 
10 % is the inner layer, which consists of relatively pure Al oxide [39, 41]. The 
amount of anion incorporation is different for each acid electrolyte and in the case of 
oxalic acid is 2.4 wt % [41].
A nion-contam inated region 
Anion -free region
Figure 101: Schematic representation of the duplex structure of porous alumina.
The rate of etching for the inner pure alumina in NaOH is much slower than that of 
the outer anion contaminated region. Figure 102 shows schematically the proposed 
mechanism for the formation of the alumina nanotubes in ideally packed hexagonal 
cells. When immersed in the etching solution, pores expand homogeneously towards 
the inner alumina layer (Figure 102 A -^C )  as a function of time and NaOH 
concentration. Eventually, stresses or etching at the cell boundaries causes 
neighbouring cells to become detached (Figure 102 D) forming alumina nanotubes.
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Figure 102: Formation mechanism for alumina nanotubes. Pores expand 
homogeneously during etching towards the inner pure alumina. Stresses or chemical 
etching at the cell boundaries causes separation leading to the formation of nanotubes.
However, in the case of templates which are not highly ordered, cells, interpore 
distances and pore diameters range in size. Also, pores are slightly oval in shape. 
Therefore, during etching, the pores will not expand homogeneously to form perfectly 
formed cylindrical nanotubes but may expand into neighbouring cells, causing the 
nanotubes to break in half (observed in SEM analysis Figure 99).
7.6. Mechanisms and aspects on the formation of Ce-doped 
7 -AI2O3 nanowires
A cerium nitrate urea-assisted sol-gel technique has previously been applied to 
porous alumina templates by Wu et al [77], through which they obtained cubic 
fluorite CeO] nano wires. In that work, although not explicitly stated, the porous 
alumina layer was detached from the aluminium substrate and was subsequently 
etched to widen the pores and perforate the hemispherical, scalloped geometry 
situated at the bottom of each pore. In this work, porous alumina templates were used 
as grown on their Al substrate, therefore having open pores only at the top. This 
played a significant role in the outcome of the synthesis, as templates were also 
hydrothermally sealed during the sol-gel process and Ce-doped y -AI2O3 nanowires 
were thus obtained. The proposed formation mechanism of the Ce-doped y -AI2O3 
nanowires is described in the following sub-sections.
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7.6.1. Hydrothermal pore sealing.
Porous anodic alumina is considered to be generally amorphous and have a 
composition which varies from that of pure AI2O3 [41,206]. Both anions from the 
electrolyte and hydroxyl ions are incorporated into the amorphous anodic alumina 
structure [41]. XRD analysis o f anodic films formed in a nitric acid have indicated 
that the amorphous alumina which forms resembles a cubic distorted 7 -AI2O3 and 
hydroxyl ions are incorporated to form pseudoboehmite (AlOOH) [206]. 
Hydrothermal pore sealing can occur in water, water vapour or in this case, a 0.01 M 
cerium nitrate:urea solution in a molar ratio of 1:40, heated and stirred at 90 °C for 8
h. Jha et al employed doubly distilled water and proposed that, during the 
hydrothermal pore sealing process, the water in the pores dissolves the amorphous 
alumina to form a gel which, upon saturation, precipitates as pseudo-boehmite or 
boehmite inside the pores [207]. In this work, the porous anodic alumina template was 
not treated in boiling water, but underwent pore-sealing and sol-gel treatment 
simultaneously. This way Ce was also introduced.
7.6.2. Sol-gel process.
The sol-gel process involves the hydrolysis of a precursor molecule in solution to first 
obtain a suspension of colloidal particles (the sol) and then, a gel composed of 
aggregate sol particles [208]. The hydrolysis o f cations can be controlled by a slow 
release o f hydroxide ions into the metal salt solution. This was achieved by the 
decomposition of an organic compound, in this case urea, which is a very weak 
Bronsted base, highly soluble in water and its hydrolysis can be controlled by varying 
the temperature. During the decomposition o f urea, COs^” and OH” are produced, 
accompanied by an increase in the pH, leading to the precipitation o f metal basic 
carbonates and hydroxides.
The pH increase with time, as the reaction proceeds, is indicative of the hydrolysis 
kinetics and is shown in Figure 103. Four distinct stages can be described. In stage I, 
the temperature is increasing to its stable value of 90 °C, the pH having a constant 
value o f 5.4. (Reaction temperatures in the range of 90-100 °C allow the hydrolysis
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of urea at a high rate [163] and hence this temperature was used during the reaction to 
maximize precipitation.) Following stabilization at 90 °C, stage II is characterized by 
the hydrolysis of urea and the pH dropping to low values. This is followed by a 
release of OH” (stage III) in which the hydroxyl ions react immediately with (i) the 
template pore walls to form aquo-hydroxo complexes (intermediate species for the 
precipitation of aluminium hydroxide) and (ii) the cerium cations which become 
incorporated into the aluminium hydroxide (evidently at small amounts). Following 
successful pore closure, precipitation continues and a cerium hydroxide film forms on 
top of the AAO template. Stage IV is characterized by a high rate of OH” 
consumption (high reaction rate) and leads to a stable pH.
With regard to the kinetics of AlOOH precipitation inside the template pores during 
the cerium nitrate solution treatment, it should be expected that this occurs more 
rapidly than for conventional hydrothermal treatments in water, due to the increased 
amount of available OH” which assists the reaction process, expediting the 
precipitation of AlOOH. TEM and SAED analysis have confirmed that the calcination 
process has resulted in the precipitated AlOOH being transformed into y-Al2 0 3 . This 
is in agreement with previous reports that 7 -AI2O3 phase forms upon dehydration of 
AlOOH at temperatures between 400 and 700 °C [35, 103]. Ce^^ ions from the O.OIM 
cerium nitrate solution have become incorporated into the nano wire structure.
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Figure 103: Evolution of pH during the hydrolysis reaction.
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7.6.3. Formation of free-standing Ce-doped y -AI2O3 
nanowires.
The SEM and TEM micrographs in Figures 91 and 92 show that exposure to IM  
NaOH has resulted in the porous anodic alumina being dissolved, yielding free- 
standing Ce-doped yAl2 0 3  nano wires. This is consistent with the results of 
Mardilovich et al, in which they show that 7-AI2O3 is mueh more stable to acid and 
base attack than anodic amorphous alumina [209]. They propose that the presence of 
hydroxyl groups in the amorphous anodic alumina and specifically a structure with 
aluminium ions bonded to two terminal hydroxyl groups is more active in the etching 
process, leading to a poorer resistance to acids and bases.
7.6.4. Schematic representation of Ce-doped y -AI2O3 nanowire 
formation.
A schematic diagram of the different process steps in the Ce-doped 7 -AI2O3 nanowire 
formation is presented in Figure 103. Prepared AAO templates are immersed in the
0.01 M cerium nitratelurea solution (1:40 molar ratio) - Figure 104 (a). Hydration of 
the pore walls leads to the formation of aquo-hydro complexes which upon saturation 
lead to the precipitation of Ce-containing aluminium oxy-hydroxide (Ce-AIOOH) 
which fills the pores and causes pore-sealing (Figure 104 (b)).
Following, hydrothermal pore sealing, calcination at 500 °C for 6  hours, leads to 
transformation of Ce-AlOOH to Ce-doped 7 -AI2O3 (Figure 104 (c)). Etching in 1 M 
NaOH allows the selective dissolution of the amorphous AI2O3 template and 
formation of free-standing Ce-doped y -AI2O3 nanowires - Figure 104 (d).
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Figure 104: Plan view and cross-section schematic representations of the formation 
of Ce-doped 7 -AI2O3 nano wires; (a) prepared AAO templates; (b) immersion of the 
AAO template in 0.01 M cerium nitrate:urea solution (1:40 molar ratio) leads to 
hydration of the amorphous AI2O3 pore walls which upon saturation results in 
formation of Ce-eontaining aluminium oxy-hydroxide (AlOOH) and pore sealing; (e) 
calcination allows crystallization of C e-AlOOH to Ce-doped y-Al2 0 3 ; (d) selective 
dissolution of the amorphous AAO allows the formation of free-standing Ce-doped y- 
AI2O3 nanowires.
7.6.5. Bonding of Ce in the Ce-doped y-AlzOa nanowires
The EELS results have shown that Ce is present in the nanowires as Ce^^ ions. It
would be expected that the Ce^^ ions are bonding with O^ ions to form Cc2 0 3 , but the 
exact location of the Ce^^ ions is not known. It might be expected that the large 
difference between Ce^^ (1.034 Â) and Al^^ (0.51 Â) would not lead to direct 
substitution, and hence the Ce ions may be segregating to more energetically 
favourable grain boundary sites within the nanoerystalline y-Al2 0 3  nanowires. 
However, substitution of Al^^ by a rare earth 3^ ion could occur if there is a 
substantial rearrangement of the nearest neighbour environment to provide the
2-
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necessary space. Kaplyanskii et al [210] have observed the successful incorporation 
of rare earth 3+ions such as Eu^^, Er^^, Pr^^, via a sol-gel technique, in a distorted y- 
AI2O3 lattice and after annealing above 900 °C also in a-Al2Û3 .
7.7. Conclusions
i. A novel sol-gel/hydrothermal method has been employed to synthesise 
Ce-doped y-Al2 0 3  nano wires. The nanowires have been synthesised in an 
AAO template via a method involving a O.OIM cerium nitratemrea 
solution at a molar ratio o f 1:40 followed by calcination at 500 °C for 5 
hours. The nanowires were up to tens of microns in length, with diameters 
of 50 - 70 nm and exhibited a y-Al2 0 3  grain size of 2-3 nm. Ce was 
incorporated within the nanowire in a 3"^  oxidation state and was present at 
a coneentration of < 1 at.%.
ii. The chemical processes leading to the formation of Ce-doped y-Al2 0 3  
nanowires have been fully described. Hydrothermal pore sealing o f the 
cerium nitrate sol solution leads to the formation of Ce-doped AlOOH, 
which, upon calcination, is transformed into Ce-doped y-Al2 0 3 . Etching in 
IM  NaOH preferentially dissolves the amorphous anodic alumina 
template leaving free-standing Ce-doped y-Al2 0 3  nanowires.
iii. With y-Al2 0 3  being one of the most important alumina phases for catalytic 
applications, the synthesised Ce-doped nanowires are expected to have 
improved novel properties and potential applications in catalysis.
iv. This direct, cost effective method offers a new approach primarily in the 
synthesis of y-Al2 0 3  and doped y-Al2 0 3  nanowires.
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Chapter 8. Conclusions and Outlook
8.1. Conclusions
This thesis has foeused on the synthesis o f ID nanomaterials via electrochemically 
prepared anodie aluminium oxide templates combined with a colloidal method (sol- 
gel chemistry) and a physical vapour deposition method (HPPMS) as a means of 
depositing metal and metal oxides inside the pores. This template-assisted synthesis 
approach presented difficulties but yielded a number of novel nanomaterials; alumina 
nanopore templates, CeO] nanowalls, Sm-doped Ce0 2  mieroflowers, Zr- and Sm- 
doped nanocrystalline powders, Ce-doped Y -A I2 O 3  nanowires and A I2 O 3  nanotubes 
are the most important nanomaterials that have emerged in this work.
Anodisation methods have been employed and porous alumina templates o f various 
geometrical characteristics have been successfully obtained. Variation o f the process 
parameters and extensive characterisation has led to the conclusion that pore growth is 
largely dependent on the substrate surface morphology as well as the anodisation 
conditions. It was also found that the anodisation duration is critical in promoting and 
allowing self-ordering and even at room temperature a sufficiently long anodisation 
time will yield a highly ordered porous structure.
The implementation of HPPMS led to a number o f interesting findings. The intense 
pulsed plasma density offered via this newly-emerging sputtering process, has led to 
the successful deposition of Ti inside the AAO template pores at a depth of 45/50 nm, 
equivalent to an approximate 1:1 aspect ratio. However, the moderate pressure (5 
Torr) and lack o f substrate biasing led to ‘pinch-off in the case of Al depositions. It 
was found that ‘soft’ templates, i.e. porous alumina templates grown on Al foils, 
deform easily and do not provide the best substrate material and that templates with 
highly parallel pores on a rigid substrate such as Si, are required if  this methodology 
is to be used. The results indicated that HPPMS can be readily employed along with 
porous alumina template as a nanofabrication mask for obtaining nanodots, or
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moderate aspect ratios for obtaining metallic nanopillars and nanowires. It was 
concluded that control over o f the process variables will allow the full exploitation of 
the HPPMS capabilities as a deposition method in a AAO template-assisted method 
for the synthesis of metallic nanowires.
A synthesis protocol has been established which utilises urea as a means of 
controlling the hydrolysis of metal salt precursors. The method is suitable not only for 
obtaining nanoerystalline CeOi, but more importantly for structural modifications, i.e. 
introducing doping ions such Zr^ "^  and Sm^^ in the CeOa lattice across a wide doping 
range. A number of interesting ceria and doped-ceria based nanomaterials materials 
have emerged, not only in terms of their structure but also their morphology; CeOi 
nanowalls, Cci-xZrxOi and Cci-xSmxOi thin films and powders with complex 3D 
architectures. The morphological evolution of these nanostructures has been attributed 
to interaction between primary particles forming rod and plate tactoids and their 
subsequent self-assembly in a 2-D or 3-D orientation. In situ XRD results showed a 
significant lattice parameter increase for Ceo.8Smo.2 0 2 which was attributed to the 
reduction of Ce' ’^^  to Ce^ "^  and improved thermal stability for Ceo.8Zro.2O2 . Thus it is 
expected that the ‘nanowalled’ Ce0 2  thin films and Cei_xZrx0 2  and Cei.xSmx0 2  
powders will exhibit enhanced catalytic and gas sensing properties due to the large 
number o f open-sharp-edges, increased surface area (available sites for adsorption) 
and structural modifications through doping. This surfactant-, template-, and matrices- 
free, urea-assisted sol-gel method, described here, for the synthesis o f self-assembled
3-D architectures, can be applied to other lanthanide nanostruetured materials.
Treatment o f porous alumina templates via a sol-gel/hydrothermal method led to the 
formation of Ce-doped y-Al2 0 3  nanowires. Nanowires tens o f microns in length, with 
diameters of 50 - 70 nm, a y-Al2 0 3  grain size of 2-3 nm were obtained. It was found 
that Ce was incorporated within the nanowire in a 3"^  oxidation state and was present 
at a coneentration of < 1 at. %. The chemical processes leading to the formation of 
Ce-doped y-Al2 0 3  nanowires were described as hydrothermal pore sealing o f the 
porous alumina template via the cerium nitrate solution, formation o f Ce-doped 
AlOOH and subsequent transformation into Ce-doped y-Al2 0 3  via calcination. 
Preferential etching of the alumina matrix revealed the free-standing Ce-doped y- 
AI2O3 nano wires.y-Al2 0 3  is one of the most important alumina phases for catalytic
187
applications, and lanthanide additions are known to improve the thermal and structure 
stability o f y -AI2O3, therefore the synthesised Ce-doped y-Al2 0 3  nanowires are 
expected to have improved novel properties and potential applications in catalysis. 
Thus, this represents a direct and cost effective method for producing large scale y- 
AI2O3 and doped y-Al2 0 3  nanowires. Moreover, following a post annealing treatment, 
nanowires o f different crystallographic forms such as 6 -, 0 - and a-Al2 0 3  can also be 
readily obtained. As the dopant Ce was successfully introduced through this method a 
wide range of doped-AI2O3 nanowires (by other rare earths such as Y, La, Gd, Sm), at 
various concentrations (e.g. 1, 3, 5 at.%) can be readily obtained.
The scientific goals set in this study have been successfully met. Anodisation 
processes have been implemented for obtaining anodic aluminium oxide as templates 
for the synthesis of nanomaterials. Sol-gel chemistry and HPPMS methods have been 
utilised as depositions methods and a number o f technologically interesting ID 
nanomaterials have emerged. Advanced characterisation techniques have been 
employed for the thorough examination o f the resultant morphologies and structures.
In conclusion, the experimental findings presented in this thesis demonstrate that 
AAO template-directed synthesis provides a simple, high-throughput and cost 
effective procedure that allows the complex topography present on the surface o f a 
template to be duplicated in one step, yielding numerous ID nanostructures. However, 
the synthesis method with which it is combined is an important one. Chemical 
methods such as sol-gel, are direct and low-cost but involving complex chemistry 
which may be difficult to control; plasma-based deposition methods, on the other 
hand, such as HPPMS, are relatively expensive requiring specialised equipment, 
which however, if  critical process parameters are eontrolled can be consistently used 
for obtaining nanomaterials.
8.2. Outlook
a. HPPMS deposition trials showed promising results. A comprehensive study 
monitoring pressure, biasing and ionisation flux fraction variations on 
moderate aspect ratio alumina templates, can map the optimum parameters for
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successful filling. The parameters by which this is accomplished will be of 
great interest to the semiconductor processing industry possibly, even to the 
medical implant manufacturers; i.e. applieations where coatings on very 
eomplex substrate geometry are required. Furthermore, it was found that a 
highly ordered and parallel array o f pores is critical. Therefore, Al sputtered 
on Si should be used as a suitable substrate for anodisation.
b. Due to the high surface-to-volume ratio and the rare earth element addition of 
Ce which is known to retard the phase transformation of y-AbOg to a-AbOs, 
Ce^^-doped y-AbOg nanowires are expected to be utilised as stable catalyst 
supports for high temperature catalytic reactions. Three-way catalysts (TWCs) 
used for the reduction of noxious components from automotive exhaust gases, 
consist o f a cleaning system which uses a ceramie or metallic substrate with an 
aetive coating incorporating alumina, ceria, and other oxides and combinations 
of metals sueh as platinum, palladium, and rhodium. Therefore the potentially 
thermally stabilised Ce^^-doped y-AbOg nanowires, with the high surface to 
volume ratio is expected to be an excellent TWC support material. 
Furthermore, the application of post-treatments on Ce-doped alumina 
nanowires (support) can be decorated with a suitable active precious metal 
phase e.g Rh, Pt, Fe via impregnation which can enhance industrially 
important reactions.
c. The sol-gel/hydrothermal method described in this work can be exploited 
further to obtain a range of technologically interesting metal A doped - metal 
B oxide nanowires with different compositions and structures through varying, 
the metal salt A (i.e. doping with other rare earth elements such as Y, La, Gd, 
Sm), the metal salt coneentration (e.g. 1, 3, 5 at.%), even the metal B oxide 
template material (e.g. titania) and also the annealing process to obtain 
different crystallographic forms of the metal B oxide such as ô-, 0- and a- 
AI2O3 or anatase, brookite and rutile (Ti0 2 ).
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d. Cei-xZrx0 2  and Cei.xSnix0 2  nanoerystalline powders should be investigated 
further. The metastable phases could be examined by Raman and correlated 
with XRD results to provide more information on the crystal structure. XPS 
analysis could also be used to quantify the change in the Ce^’^ /Ce'^ '^  ratio 
considered responsible for the increase of the lattice parameter, observed in 
samples which have been annealed under reducing conditions. An in-situ high 
temperature XRD study of Ce0 2  exposed to oxidising/reducing environments 
at different temperatures would also provide the reference data required for 
comparison with the Zr and Sm doped Ce0 2  samples.
e. Most industrial catalysts consist o f active centres anchored on transition 
aluminas due to the high porosity, surface area, mechanical strength and 
thermal stability at moderate temperatures. At high temperature catalytic 
reactions (1000-1400 °C) the transition from y-AbOs to a-AbOs leads to a 
considerable reduetion of the surfaee area causing degeneration of the 
catalytic activity. Various works have established the dependeney between 
the transition temperature o f alumina and the surfaee area retention with the 
ionic size o f the rare earth dopant [211-213]. Kumar et al [213], demonstrated 
that alumina containing predominantly Ce^ '*' (ionie radius 1.034 A) exhibits a 
higher surfaee area and transformation temperature compared to Ce"^  ^ (ionic 
radius 0.92 A). The differential seanning calorimetry (DSC) transformation 
temperature corresponding to the transition to a-AbOs inereased by 100 °C in 
the case of Ce^^ doped y-AbOg. Hence, it should be expeeted that Ce^^-doped 
y-AbOg nanowires ean be utilised as a stable catalyst support for high 
temperature eatalytie reactions and their suitability for this should be 
investigated.
f. The application of post-treatments on nanowires can lead to a number o f metal 
and precious metal supported catalysts via impregnation methods (e.g Rh, Pt, 
Fe supported on Ce-doped y-AbOg nano wires). Ce-doped alumina nanowires 
(support) can be decorated with a suitable active metal phase which can 
enhance industrially important reactions. An example of such a family of 
reactions is the steam reforming of aliphatic and aromatic molecules, used in
190
the purification of gas streams and hydrogen produetion. It has been shown 
that these reactions can be faeilitated by Ce-doped alumina (in the form of 
powder) supported-Fe catalysts [214]. Hence, potentially there is seope to 
utilise the Ce-doped y-AbOg nanowires for enhancing the catalytic efficiency.
g. The sol/gel hydrothermal method described in this thesis, offers an easy and 
repeatable process for obtaining ordered arrays of free standing nanowires 
over a very wide range of sizes and arrangements restrieted only by the porous 
structure geometry. However, implementation o f FIB for Al patterning 
expands the nanofabrieation capability considerably. With an appropriate 
alumina template, AI2O3 nano wires and doped-AI2O3 nano wires as small as 1 0  
nm positioned in predefined arrays can easily be obtained via this synthesis 
method.
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A b » tr a ct
y  A b O *  is  a  w e ll  fcncm n calalys* supfXMl. T lte  & M ilton o f  Cc to  y -A b O j  is  know  n to  
h en eftc ia lly  retard the p hase transform ation o f  y * A l» O j t o a - A I ; O i  and s ta b i l i /e  th e  y -pore  
structure. In th is  w o A . C e-d o p ed  y - A U O , n an ow ires h ave h een  prepared by a n o v e l m eth od  
em p lo y in g  an an o d ic  a lu m in iu m  o x id e  (A .*\Oj tem p la te  in a 0 ,0 1  M  ceriu m  n itn d e  so lu tio n , 
a ssiste d  b y  urea h y d r o ly s is . Calcinai ton at 5 0 0 for 6  h  resu lted  in  th e  crysla!li/atk> n  o f  the  
C e-d o p e d  A K X )H  p el to  form  C e-d o p e d  y -A b O y  aan ow ires. C e** io n s  w ith in  th e  m m ow ires  
w ere present at a  coocen*radon of <  I at.% . O n  the tem p late m rfa ce . a  n an ocrysta llin e  C e O :  
th in  film  w a s  d ep o sited  w ith  a c i îb k  fluorite stm rtu re  and  a  cry sta llite  s i / e  o f  tS -7  nm . 
C h aracteri/a iion  o f  the nanow  ires and th in  film s w a s  p erform ed  u sin g  sca n n in g  e lec tro n  
raicroscc^ y . tran sm ission  e k c tr o n  m k r o sc o p y , e lec tro n  en e tg y  lo s s  s p e c tn ^ c o p y . x-ray  
l* o to e le c tr o n  spectrosctsfw' and x-ray d iffraction . T h e  nanow ire formation m ech a n ism  and  urea  
hydroly s is  k in etic s  are d iscu ssed  to lerms o f  the pH  evo lu th m  during th e  reaction  T h e  
C e-d o p ed  y - A b O j  n an ow ires  are lik e ly  to  find u se fu l ap p lica tio n s in  c a ta ly sts  and th is  n o v e l 
m eth od  ca n  b e  ex p lo ite d  further for d o p in g  a lu m in a  n a a o w ires  w ith  other rare earth eten w a ts .
(S o m e  figu res in  th is  article  are ia  co lo u r  cuily in th e  elec tron ic  version*
1. Introduction
A lu m in iu m  o x id e  is  o n e  o f  the m ost w id ely  u sed  ca ta ly st  
supp.>rts cvi an industrial sca le , d u e  t o  its  low  c o s t  and h igh  
surface area (I I . ffivw ever. th e  m ost c a la ly tic a liy  activ e  
p h ases , su c h  a s  y -  and  present prtd ilem s at h igh
tem peratures d u e  to  pha.se transform ations. T h e  transition  
from  y - A U ( ) j  to  o - A l j O j .  lead s to  a  con sid era b le  reduclir'fl 
o f  th e  surface area, ca u sin g  a  d egen eration  o f  th e  cata ly tic  
activ ity  (2 {. T herm al stability  ca n  b e en h anced  by retarding
<«i57-44st'ityto5«y>*3asx?,a}
or d e la y in g  p h ase  transitions and it h as I v e a  dvowTi that o r e  
earth e lem en t ad d itio n s , su c h  a s  C e . w ill  not o n ly  retard th e  
p h ase  transform atioQ  from  y - .M i(> i t o a - A b O v .  but w il l  a lso  
s ta b i li /e  th e  p»vre structure o f  a lu m in a  12-41.
C e O ; is o n e  o f  th e  m ost reactive  rare earth  m eta l 
o x id e s  and h as b een  u sed  as a  p rom oter o r  support in  
industrial ca ta ly tic  p ro ce sse s  D u e  to  its  h ig h  o x y g e n  
s torage ca p a c ity  (D S C * , a csocia led  w ith rich  o x y g e n  v a ca n c ie s  
an d  low redox  p sxen lia l b etw een  C c * ‘ an d  C e * U  and  d u e  
to  its  g o o d  ion  con d u ctiv ity , therm al stability  and stron g
O 20:0 ÎOP lAbkihmg IW Pristed w  ihr I K A ifec 1.2{A
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SC an-ja itla l
ultraviolet ligh t ahsofpiicw i. CeCX h a s b een  u tilized  in  three- 
w a y < a ta ly s is  |5 .  61. s o lid  o x id e  fu e l c e lls  tS O I C i (71. so lar  
c e lls  | 8 | .  U V  b lock in g  ( 9 | .  g a s  sm s in g  |I 0 1  and c o ito s io n  
protection  (111
T h e  tech n o log ica l properties o f  a  cata lyst stron gly  d ep en d  
OR th e  h yd rtoh ern u l stability  and texture o f  the support. 
C tsnsoqueotly th e sp ecific  surface are*, pore s iz e  and  shap e  
and an y  ch em ica l or  fh y s ic a l modifications w h ich  result in  a  
m ore sta b le  m aterial are o f  great importance. I urtherm om . 
nanostructured m aterials exh ib it in terestin g ch aracteristics  
o w in g  to their sh ap e-sp ecific  and quantum  s iz e  effec ts. In 
th e  c a se  W cata lyst supports for exam p le , the h igh  surface  
areas a ssoc ia ted  w ith  o n e-d im en sion a l nanostructures w ill  
alw ays en h ance adsorption  and cata ly tic  properties (1 2 } , l%r 
th is reason, to date, several reports h ave described  th e  
syn th es is  o f  amorphous, b oeh m ite  lA K X )H i or  y - .A b O j  
nanostructures, w h ich  m ost typ ica lly  invrdve hydrotherm al 
treatm ents 1 1 3 -1 6 }  or  through-etch ing o f  porous alu m in a  
tem p lates 1 1 7 -1 9 } . Surprisingly , a lth ou gh  th e  i ^ e l k  W  e ffec ts  
o f  lanthanide ad d ition s to  th e  thermal and siru ctu ie  stab ility  
o f  y -.A I;O j h a v e  b een  su c cess fu lly  d em onstrated , stud ies  
d escrib ing  th e syn th esis  o f  C o-dop ed  p -A h O ^  nanow ires, 
have nor b een  reported for s o l -g e l  or other so lu tion -d erived  
)  A id ) ;  nanomaterials (p artic les, m em branes).
H ere, w e  have e m p lo y a i a  novel com b in a tion  o f  a 
traditional s o l - g e l  treatm ent w ith  th e  hydrothermal 'pore  
sea lin g ' (9>enom enoa w h ich  occurs ia  a n o d k  alu m in iu m  o x k k  
tem plates. T h e tem p lates are h ydftqherm ally  treated in hot 
w ater ( 2 0 -2 2 }  to  form  A lO O H  n anow ires in s id e  th e  tem plate  
pores. H ow ever in  th is  w ork , th e p ore sea lin g ' o ccu rs  w h ile  
tretoing th e  tem plate in  a ceriu m  nitrate so lu tk ja . w h ich  d oub ly  
serves  to  form  .AlOOH but a lso  to  incorporate C e. U rea added  
in th e  so lu tion  in creases the am ount of O H “ ava ilab le  feu th e  
precipitation o f  both  ceriu m  and a lu m in iu m  h yd rox id es. A lso , 
a s  a  con ven tion a l s o l - g e l  tech n iq u e, the process, a llo w s  the  
fonm ation o f  a  CeO; th in  film . T h is  n o v e l syn th es is  m eth t^  
o ffers  in teresting p o ss ib ilit ie s  for th e  form ation  o f  a  se lec tio n  
o f  technokvgically  in teresting m etal A d o p e d -m e ta l B  ox id e  
nanow ires w ith varying co m p o s it io n s  and structures.
2. Expérimentai details
2. / .  A m * J k  a l u m i n i u m  o x M e  l e m p l a l r s
H igh-puriiy  A l sh eets  (99.999%. A dvent M ateria ls. 2 5 0  p m  
th ick  t w ere  u ltrasonkrally c lca w x f in aceton e for 15 m in . etched  
in a  1 M  N aO H  to  rem ove th e  n ative o x id e  and w ash ed  
thorou ghly  w ith  d istilled  w ater. T h e  pre-trealed sh eets  w ere  
e lec tfo p o lish ed  in  a  m ixed  so lu tion  o f  H C lO jtC H sC H jO H  =  
1:4 (V/V) for 5 m in  and im m ediately  w ash ed  with distilled  
water. T h e  sa m p les  w ere  a n o d i/e d  ia  a su itab le  doctrolyric 
c e l l  in  w hich  a 4 .1 5  cm^ surface area o f  the A l Wieet w as  
ex p o sed  to  th e  electro ly te  and a Bl m esh  w a s  u sed  a sa c a th sx le .  
T h e p^Xenlial w a s ap plied  u sin g  a K eith ley  2 3 0 0  pewvef supply  
interfaced w ith  a P C , to  m on itor the current t im e  transient 
during the p rocess. A rkxfiration w as perform ed in  a v igorously  
stirred so lu tkx i o f  0 .3  M  H rC jO *. under a  con stant vo ltage o f  
4 0  V  at 25  C  for 2 . 10 or  12 h. Sub seq u en tly , pore w id en in g  
o f  the sam ples w as carried out in  a  5 vol5r H jP D s so lu tion  at 
25  "C for 3 0  m in .
2 . 2 .  X a m r n  i r e a n d  t h i n  f i l m  p t f p a m t u m
A ll ch em ica l reagents u sed  w ere  an alytical grade. T h e  precur- 
so lu tio n  con ta in ed  0 .0 1  M  cerium n itr a te fC e fN O slj-f i lU O )  
(S igm a-A ld r ich t to d istilled  water. U rea w a s  added to  the  
so lu tio n , s o  that the m eta l precursor/urea m olar ratio w as  
1/40. A  c lea r  so lu tion  w a s produced, w h ich  w a s  them heated 
at 9 0  ®C w h ile  b e in g  v ig o ro u s ly  stirred. A  AC) m em b ran es  
w ere im m ersed  in to  the m lu titm  for 8  h  w h ite  th e  tem perature  
w a s kept at 9 0  ®C. The pH  and tem perature w ere  m easured  
throughout the s o l - g e l  treatm ent u sin g  a  M ettler T o led o  pH  
eXectfode l-in a lly  th e sa m p les  w ere  air-dried overn ight and  
th en  ca lcin ated  at 500*C. for 6  h . w ith  an  in itia l heatin g  rate of 
lO'C min-'.
2 .7 . C h a r a c k ' f i z a S i o n
T h e morpholopy w a s characterized  b y  scan nin g e lectron  
m k r o sc o p y  (SI-.M t w ith  both  T escan  V ega and J T O l. 74011* 
microscopes operated at a 30 k V  incident e k e tr o n  b eam  
vo ltage . Prior to  S l-M  characterization, the filled  tem plate  
s.Mîiples w ere  etch ed  in 1 M  N aO H  for 8  m in  and  carefu lly  
w ash ed  w ith  d istilled  w toer in order to  se le c t iv e ly  d is so lv e  
the A A O  and ex p o se  the oaoowires w h ic h  w ere  assem b led  in  
th e  tem p late. S u b seq u en tly , both  o f  the sam p les  con ta in in g  
th e  n anow ire and the thin film  w ere jq ^ttcr-coated  w ith  8  nm  
o f  Au. In order to  o b se rv e  the m orp h o logy  and  th e  degree 
o f  agg lom eration , transm ission  electron  microecope (T f iM i 
im a g e s  w ere  taken  w ith  a Philips C M ^JO  T liM  (IM3&1 and 
Hitachi 23fiOA STI M (S ch o ttk y ). b o th  op erated  M  200 kV. 
Sr.M  and T I M  sam p les w ere  f^epured b y  lo a se a in g  th e  
nanow ires from  the tem p late b y  partiM ly d is so lv in g  th e  A A O  
in  0 .2 5  M N aO H  solu titm . for  10 m in . T h en  ea c h  tem p W e  
surface w as scratched by a fiat-tip  tw eeze r  and th e  material 
that w as p eeled  from  th e surface w as p laced  again  in  0 .2 5  M  
N aO H  { O f  10  m ore m in u tes, to  co m p le te ly  d is so lv e  any A  HO* 
rem nants. T h e iso la ted  naaow ires w ere  w ash ed  th ree tim es  
w ith d eio n ized  w ater and then ethanol, an d  w ere  kept d isp ersed  
in  r ih an o l so lu tion  for further ch aracterization . T l M  sam p les  
w ere  prepared b y drop castin g  a nanop article  d isp ersion  
( in  ethanolJt o n to  cop p er  grids coa ted  w ith  a  Irirravar and 
carbon  film  ( 2 0 0  m esh . S P I. W ed  C hester. PA ) for T I M  
characterization  and on S i wafers for  ST M  characterizarion. 
Electron energy lo s s  sp ectroscop y  (T l 1 5 i) w a s  umderiakeo 
u sin g  th e  C atan  Im aging I liter on the T I M  and a  Catan 
T nfina spectrom eter o n  th e  S T I M . R ùnt-hy-pcÿn* a n a ly sis  
w a s performed in  th e  S T IA I w ith  a 2 .5  Â -d iam eter  electron  
b eam , u sin g  (la ta n 's  spectrum im aging  to o l, w ith  a pfobe 
con vergen ce sem i-a n g le  o f  14 and 16 m rad c o lle c t io n  s e m i­
an g le; the energy spread o f  th e beam  w a s 0 .8  eV 1 W H M  
X-ray d iffraction  (X R D ) data w ere  recorded  u sin g  an in - 
h o u se  d ev e lo p ed  g lan cin g  a n g le  X R Î) (G A .X R D ) sy ste m  al 
th e  I uropean C o m m issio n 's  Joint R esearch  C en tre. Ispra. 
Italy. T h e  d illractom eter  h as a laser a lign m en t sy ste m  for  
d eterm ination  o f  incident a n g le , an instrum ental reso lu tton  o f  
about 0  2 .  a  scdid state d etector for im p roved  s ig n a l/n o is e  
ratio, and ( g r a t e s  w ith a C u K a  x-ray source tk  =  1 .5 4 18  A>. 
A ll (Î.A X R 1) scan s w ere m easured at an  in cid en t a n g le  o f
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Vipare I. Schctnalic ttpncscnuno» o f d»c thin film dcpositkm atsd 
naswvxitc formation faired with SI;M  imager: (a )  f la n  \ic%  oi a 
typical porous alumina template; f b ) filled template alter the sol-gel 
tresument; (cK 'cO ; tftin film and fc-doped j'-A ljO s natK>»it«s 
lolfiya ing calcination at. 5 00  C  and etching fe» KaCMl to partially 
nemcMte tfvc AAO template; fd I free - standing ttammafees on a Si wafer 
alter detachment frwn the At sathsaate and com pete dissdt^kut. of 
the AAO.
I®. CrysialHtii: grain sizes wcsrc d e t e r m in e  u sin g  thtf single*  
lin e  nietbtxf o f  d e  K c ijsc f. b ased  o n  (he lea st squares fitttag  
o f  bfcxuJcnod peaks to  a pseudt»-\% g* fuoclkim ( 2 3 |.  X  
ray p h o u v le c ir o n  spoctroseop y ( X l ^ i  d ata w ere  reeorded  on  
a V (I  I S C A I A B  m k II. em p lo y in g  3 o o o  momoclwoma*ed 
A l K a  sou rce  op erated  ai 12 k V  and 3 0  m A  and h em isp h erica l 
analyser. T h e  h indtng en ergy w a s  ch arge referen ced  u sin g  the  
C  Is  hydrocarbon con tam in ation  peak a l 2 8 5 .0  cV . W id e scan  
spectra  w ere  recorded  at a  p a ss  en ergy  o f  lO O eV  and e lem en ta l 
peaks at a p a ss  en ergy  o f  2 0  eV . T h e en ergy  reso lu tion  for  
the e lem en ta l narrow sca n s w a s  0 5 - 0 . 6  eV . IVior to  an a ly sis  
sam p les  w ere  etch ed  u sin g  a  3 kV  I / i  A  A r b eam  for 3 0  s in  
order to  redu ce th e  wirface carbon  con tam in ation .
10 20 30 40  SO 60 70  »0 90 1 00
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Figure Z. (îARXD pattern at 1“ incident of CcO* this fifen 
deposited by sol-gel on the .AAO template.
3 .  R e s u l t s
T h e  in home prepared A A O  tem p lates w ere  ex a m in e d  to  
d eterm in e their geometrical ch aracteristics, prior to  b e in g  u sed  
in  n anow ire sy n th es is . S lIM  a n a ly s is  in d icated  that a  ty p ica l 
tem p la te  is  7 0  f / m  th ick  and h as pores, that vary b etw een  
5 0  and 7 0  n m . al a  d en sity  o f  4  x  I 0 ‘® p ores  c m  *. T h e  
p ro ce ss  overv iew  for th e  th in  film  and  n an ow ire  form ation  is  
su m m a r i/e d  sch em a tica lly , togeth er  w ith  S l-M  micrographs 
from  ea c h  o f  the d ifferen t stages in  figu re I. The prepared  
tem p la te  i figu re 1(3)1 w a s treated  in  a tem p eratu re-con trolled  
urea h y d r o ly s is  s o l - g e l  m eth od , w ith  ceriu m  nitrate a s  
th e  precursor m aterial. D uring the p ro ce ss . C e-c tm ta in ia g  
a lu m in iu m  o x y -h y d r o x id e  precip itated  in s id e  th e  pore*, fillin g  
th em  c o m p le te ly  and ca u s in g  p ore  sea lin g , a s  s een  in  
figure l(b>. A  C e(D H )^  g e l w a s  su b seq u en tly  d ep o sited , 
o n  to p  o f  th e  sea le d  A A O  tem p la te  Irillo'A ing ca lc in a tio n  
an d  partial e tch in g  o f  th e  tem p la te  in  N sA lH . the thin film  
and  n an ow ircs  w ere  ev id en l (figu re  l(c> k  F in a lly , th e  A A O  
w a s  co m p le te ly  d is so lv e d  in  ord er t o  c o l le c t  n anm vires fo r  
further ch aracterization . F igu re l i d )  show  s  iso la te d  n anow  ires 
m ou n ted  o n  a  S i w afer.
3 .1 . T h i n  f i l m
T h e  s o l - g e l  deposited th in  film  w a s  characterized further to  
e x a m in e  its  structure, f ig u r e  2 sh o w s  a  O A X R D  pattett: of 
the C eO z th in  film  deposited o n  th e  A A O  tem p la te . The 
sa m p le  ex h ib its  p ea k s  that corresp on d  to  th e  ( I I I ) ,  (200). 
(220). (310 . (222). (400), (331). (420) and (422) planes of 
the cu b ic  flu orite  structure (sp a c e  group; of C c O j.
a s  id en tified  from  standard data (K 'P D S  .34-0394). T h e  C e O ;  
la ttice  param eter ca lcu la ted  from  th is  pattern is  in  v er y  c lo s e  
agreem en t (w ith in  0 .0 2 % ) w ith  that o f  th e  JCFD.S v a lu e  for  
bulk C e O ; <«nr =  5 .4 1 13}. T h e  cry sta llite  s iz e  o f  tire film  w a s  
fo u n d  to  b e  nm  an d  is  c lo s e  to  the ex p ec te d  v a lu e  f ix
s o l  g e l m ateria ls d erived  at ca lc in a tio n  tem peratures o f  up  to  
7 0 0 % ' 1241
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F ^ u r c  3. i*) Cc J 4  aW  (&) O K  X!*S *pec#« of the w f-ge l dcpxwwd C cO i thin fihn chtalncd after Ar* etehkkg for 30 *
T h e ch em ica l s ta îe  o f  C e  ia  th e th in  film  w as a ls o  
in vestigated  by X P S . I 'igurc 3  illustrates th e  Xf*S spectra o f  the 
d ep o sited  film  ob ta in ed  a lter  argon ion  e tch in g  its  top  stirface 
for 30 * I m m  Uw C e  3d co r e  level spectra (figu re 3(a)). si% 
C c 3dj,.; b in d in g en ergy  p eak s are id en tif ia i at 8X 2.6. 8X 9.2. 
8 9 8 .6 .9 0 1 .2 .9 0 7 .8  and 9 1 7  cV . correspon d in g  to  v. v 2 . v 3  and  
u . u 2 . u 3  co m p o n en ts, a s  reported b y  A rd elean  f t  a ï  {25J and  
R ao e t  a l  J 2 6 | for C e * * .  N o  C e** {w aks w ere  observed It 
shou ld  b e  n oted  that th e  b in d in g  en er g ies  a re d iif tc d  to s lig h tly  
h igh er va lu es 1 0 2 - 0 .8  c V )  com p ared  to  th o se  reported b y  R ao  
e t  a l  (2 6 f . a s th e  C  Is  h ydrocarbon  peak w a s  re ferm ced  to
2 8 3 .6  e V  in the paper of Rao e t  a l  compared to the 2 8 5 .0  e V  
hydrocarbon referen ce u se d  ia  th is  w cvk  and that of A rdelean  
e t  a l  (2 5 )  In the O  I s  spectra tfigu re 3tW k the peak sp lits  in to  
tw o  separate co m p o n en ts , o f  w h ich  th e  low er  b in d in g  en ergy  
c om p on en t ( 5 2 9 .3  c V j  o r ig in a tes  from  la ttice  O* and the  
h igh er b in d in g  en ergy  com p on en t (5 3 1 .3  c V |  ca n  fee ascribed  
to O H  •* groups o n  or  near the su rface  o f  th e  sam p le  (2 7 ).
J .2 . Narnm ires
T h e m orp h o lo g y  and th e  structure of th e  sy n th esized  nanow i res 
w ere exam in ed  ia  detail I igu re 4  is  a  typ ica l SK M  im age  
o f  th e  C e-d o p ed  y -A I:O j  nanowires: w h ich  w ere  ob ta in ed  
after th e  partial d isso lu tio n  of th e  A A O  template in N aO H . 
A h igh  d en sity  o f  n anow ircs i s  ev id e n t, ea ch  nanowire b ein g  
m any m icron s in  length T h e  morphc^ogical characteristics  
o f  ilw  rtancw ires w ere  m ore c lo s e ly  exam in ed  u sin g  T 7X Î. 
e x a m p le  T l-M  im a g e s  of free-stan d in g nanow ires, after 
co m p le te ly  etch in g  away the A A O  tem p late in  N aO H . are 
sh ow n  in  figunss 5(a) and <b). T h e  n aaow ires  h ave a  u niform  
th ick n ess  and stnscture. T h e h igh  m agn ification  im age , 
figure 5(b). sh o w s that the n an ow ire  is  approximately SO nm 
in d iam eter. It h a s  a  ‘c o a r se ’ texture and its  hulk c o n s is ts  o f  
apparently ran d om ly orien ted  nanocrysta llites. SI M  and T I M  
characterization  revealed  that th e  n an cw ires  w ere u p  to  ten s  o f  
m icron s in  len g th , w ith  d iam eters o f  5 0  7 0  nm . T h eir d iam eter  
distributkm  is  in  c lo s e  agreem en t w ith  the fssre s iz e s  o f  the 
applied  A  A O  tem p late
C om p osition a l a n a ly sis  o f  the n aaow ires  w as exam in ed  
through 11 12» f  igu re  6(a) sh o w s a sm a ll grxxip o f  n anow ires  
ind icated  o n  th e im a g e  a s area tH I and  a nanoparticle a s  (A )
11 15» an a ly sts  perform ed in ea ch  loca tion  revealed  that the 
n aru m ires c o n s is ted  largely  o f  .M and O  and that th e  particle
Figure 4. SH.M imxgc o f high xipccl r ^ o  Ce-doped y  - AI:<N 
nanow Ënct after the parUat rcmosa) of she AM> template.
w a s a  CcCJb fragm en t, m ost probably originating from  th e  s o l -  
g e l  surface layer. T h e  lil-IJS C e  h fj  j  e d g e  obüîmcd d irectly  
from  th e nanoparticle is p resented  in  figu re 6(b )  and represents  
tran sition s from  th e s^ in  -orbit sp lit M -o rb ita l to  em p ty  states  
in  th e  4p  and 4 f  orb ita ls, w ith  th e  tran sition s to  4 f  domioating 
d u e  to  th e  m uch  h igh er  c t o s s - s e e i k m  than that o f  tran sition s  
to 4 p . T h e  sh ap e is  co n s is ten t w ith  that g iv e n  b y  C îarvie and 
I lu seck  (2 8 )  and other authors (2 9 . 3 0 )  for Ce^* (C e fN ). T h e  
Ce*^ M 5 and e d g e s  co n s is t  o f  tw o  m ax im a  separated  by
1 7 .6  e V  (in d ica ted  as A  and A" in  figu re 61b » ,  that corresp on d  
t o  e lectron  tran sition s from  the 3 d s /j  and  M . s / i  re sp ectively . 
The Ms m axim u m  h as b een  a lig n e d  to  that g iv e n  b y Garv ie  
an d  B u seck  at 8 8 4 .0  e V  (2 8 ) . The M s and M r p eak s are 
further d egen erated , w ith  sm a ll sa te llite  p eak s o n  th e h igh  
en ergy  s id e  Hndkafed a s  B  and IT in  figu re 6(b ) )  at 889.3 and  
906.5 e V  resp ectively , a ssig n ed  to  crysta l-fie ld  sp littin g . T h e  
h igh -reso lu tio ti T I M  im age  (figu re  6( c ) )  sh o w s  th e  p resen ce  
o f  cry sta llites , w ith  a  îaîtkre frin ge spacing w h ich  is  consistent 
w ith  that o f  bulk C cO » ( d n i  ~  .3.12 Â )  and  a  se le c ted  
area e k c tr o n  diffraction (S A I T ))  pattern taken  of a s im ila r  
p artic le  togeth er w ith  surrounding n an ow ires (figu re 6(d ))  
s h o w s  re fiectioas  a s sig n a b le  to  C e O ;. H e n c e , w e  co n c lu d ed  
that th is  nanop article  is  a  fragm ent o f  th e  C c Q ; s o l - g e l  
d ep o sited  th in  film .
T h e cr y sta llin e  nature o f  the nanow  ires w a s  in vestiga ted  
by SA l-T) and  brigh t- and dark-field  im ag in g . A s  m en tion ed
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f  igure <L (a) $2M  image o f  tjanopaftielc and n x o c m -k ts , :h> EI3 S C «  M t. t  e% c spccoaof «anopankfc. (c } HKT* M image ef nanogoakk  
and td> S A U ) pancm  d ra in e d  fn«m area as grcscnsrd in <*).
ab o v e , (igure 6 (d (  s fu m s  a S .M -I) (m m  au  area e m i i iu in g  }  A l iO ,  grain s i / e  b e in g  2 - 3  nm . T h e  d a r t- lic ld  im a g e  w as
a C eC ); naiK->{VJit»i:!e and  a gfiMip t’f  n a m m ires. in  ad d ition  t»  ob ta in ed  b y  form in g  an im a g e  w ith  th e  dOO. 2 2 2  and 311
th e C e O : re flee lio n s, o th er  d iffraction  r ings couM  b e  a ss ig n e d  re flection s o f  ><-A ljO i in  figu re 6 ( é f .
t o  th e  y  A IzO ) p h ase, (figu re  fitd )). T h e  crvrespsxiding T o  ob tain  mi>re d eta iled  in form ation  o n  th e  c h em ica l
bright- an d  d a tk -fie ld  T T M  im a g es in  figure 7  c learly  show  com gsssition  o f  th e  n a a o w ires . 11 12s data f iif  A l, O  and  C e .
file  n a iK v r y su llin e  nature o f  the n aaow ires . w ith  th e  average w ere  recorded b y scan n in g  th e  b eam  a cr o ss  tw o  n an ow ires , a s
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sbinan  in figure 8 )a ). TTv *11 2 »  s.jvjctra generated  for  each  
e tc n v n l %ere integrated inceavitiex fn v n  eaeh  point « i  t lv  
linevcan  T h e th ick n ess  o f  the w ires an a lysed  in figure 8 ta )  is 
"-O.dA i w here A  is th e m ean  free  path for in ela stic  scattering, 
w h k h  for a lu m in a  is  1 16 nm  |3 I  ] i therefore ctvrcv lton  o f  the  
spectra for  th ick n ess  artefacts is  nci4 n ecessary . T h e spectra
sh o w ed  h ig h  in ten sity  AI I - e d g e  and ( )  K -c d g e  and a  sm aller  
C e  integrated M  ed g e  sign a l. T h e se  h igh  AI and O  peak  
in ten sitie s  are co n sisten t w ith  th e  id en tifica tion  o f  
in  th e S A I T )  pattern o f  figure 6 îd » . I ig u r e  8 (b )  s h o w s  the  
integrated  C e  M» » e d g e  frvrn a  s in g le  n an im  ire. corresp on d in g  
to  h nescan  A  in figure 8 (a ). T h e C e M ^   ^ ed g e  sh ap e and
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peak poshscuis are s îg n ifk a titiy  d î t f e e o i  from  that o f  Cc^* 
d escr ib ed  c a r tk f  for  th e  C cO > n am opadicle tsu p er im p osed  cm 
figure &8b> with a dashed fin e). In padkular. for  th e n anow ire. 
th e  h ig h  en ergy  sa tc lfitcs  ( la b e lled  B  and B ' in  figure 6(bt>  
ch aracteristic  o f  C e* * , are no lo n g er  present. T h e  nanow ire  
C e  M« s peak sh ap e is  co n s is ten t w ith that reported  by Cîarv ie  
and  B u seck  } 2 8 | for  C e ’  ^ (C e^ O j) and  aga in  th e M , peak  
m a xim u m  in  figu re 8(b )  h as b een  a lig n ed  w ith  their v a lu e  
o f  8 S 2 .0  eV . In addition to  th e peak  shape, üte in ten sity  
ratio b etw een  the M s and  M» edges, ca n  a ls o  b e  u sed  to  
d eterm in e th e  v a len ce  state o f  C e  (28#. In th e  naiKswires 
exam in ed  here , the M 5/M 4 ratio  a cr o ss  th e  n anow ire w as  
fou nd  to  b e  0 .8 0  w h k h  is  com p arab le t o  th e  0 .8 2  repeated  
valu ed  fo r  Ce:C>? and for  th e  C eC): itanopautick. th e  M 5/M 4 
ratio o f  0 .6 0  is  comparaNe to  th e  reported v a lu e  o f  0 6 7  for  
C c<K  (28# IT ectm n b eam  d am age i s  not the c a u s e  o f  th is  
transform ation  |2 8 | ,  a s  acquiring several C e  M -e d g e  spectra at 
th e sa m e p la ce  on severa l pristin e nanow  ires d id  not sh o w  any  
sign ifican t c h a n g e  in  th e  shap e o f  the e d g e , b ut in stead , s im p ly  
a  rem oval o f  m aterial.
W ith  regard to  estab lish in g  th e  C e  co n ten t in  th e  y  A IK )a  
n an ow ircs , q uan tification  is  prob letn afic  d u e  to th e  a b se n c e  o f  
a  re liab le  IT 1 5  crcw s-section  for th e  C e  M -e d g e . H ow ever, 
u ttli/ in g  the IT T 5  resu lts  from  th e C e<)y nanop article . an 
exp er im en ta lly  d eterm in ed  value for  C e  w a s eva luated . A  
seco n d  lin escan  (m arked  as B on figu re 8t a »  w as taken  
a cr o ss  tw o  nanow  ires. F igure 8»c) p resen ts the raw integrated  
in ten sities  under the A l. O  and C c  ed g e s  a cr o ss  th e  nanow ircs. 
T h e  O  in ten sity  in  both  n an ow ircs is  sim ilar. T h e  .\1  in ten sity  
is  h igh  and C e  in ten sity  low  in  th e  first n an ow ire. In the 
seco n d  n an ow irc. th e  A l in ten sity  is s lig h tly  lower and C e  
in ten sity  s lig h tly  h igh er. T h is  w o u ld  M tggea that there m ay  
b e  an in verse  re la tion sh ip  b etw een  th e  A l and C e  in ten sities  
(p o ss ib ly  in d icative o f  a  sub stitu ü on^ exchan gc o f  A ! and C e  
w h h in  th e n anocrysta lline o x id e  stnK ture). but more resu lts  
w xsild  b e  required to  con firm  th is. D u e  to  the large en ergy-  
lo s s  cr o ss -sec tio n  for th e C e  M -ed g e . w h en  quan tified , th e  C e  
con centration  is  fou nd  to  b e  <  1 at.*S and th e  A l A ) a to m ic  ratio  
ap proxim ately  2 :3  in b o th  nanow ires
■I. Discussion
*7. fbmwfww*qfCrOf fhût/Ifmr
T h e G A X R D  and XI*S resu lts  presen ted  in  th is  w ork h ave  
sh ow n  that a  n anocrysta lline C c O ; thin f ilm , w ith  a  cu b ic  
fluorite structure and average grain s i / e  o f  6 - 7  n m . c a n  b e  
su c c e ss fu lly  d ep osited  u sin g  a  s o l - g e l  p ro ce ss , em p lo y in g  a  
O.Ol M  ceriu m  n i t r i c  so lu tion  co n ta in in g  urea, at a C e  urea  
m olar ratio o f  1 :40  and ca lc in ation  al a  tem perature o f  5 0 0 “C  
for 6  h  D ie  cerium  nitrate b ased  s o l -ge l p rocess a ssisted  
b y urea reported prevKHisIy u sed  a C e  urea m olar ratio o f  
2 0  and a reaction  tem perature o f  8 0 'C  |3 2 |  In th is  w ork  
the C e:urea m olar ratio w a s  ch an ged  to  1:40  and  th e  reactitm  
tem perature in creased  to  9 0  lO O 'C . T h e  m sxivation  for  th ese  
c h a n g es  to  th e p rev iou sly  reported p ro cess  w ere  a s  fo llo w s:  
th e  urea con cen tration  w as in creased  to  ra ise th e  am ount o f  
O H  ava ilab le  and in crease th e p recip itation  rate. T h e reactirm
tem perature w as im rreased to  9 0 -  I W C  ia  order to  m a x im ize  
th e  h y d r o ly s is  o f  the in creased  am ou nt o f  urea.
4 . 2 .  D e p t n i d m  o f  C e - d 0 p i ' d  y - A l i O i  n is m m ir e .< i
From  S F M . D  M  an d  IT 1 5  an a ly sis , it h a s  been sh ow n  that 
und er th e  sa m e p ro cess  c o n d itio n s  w h k h  lea d  to  the d ep o sitio n  
of a  C e O j th in  film  o n  top  o f  a  p orou s an o d ic  alumina 
tem p la te , w ith in  th e  tem p la te , C e-d o p ed  y - A l j O j  nanow  ires 
are form ed . T h e  n aaow ires  w ere  up t o  ten s  o f  m icron s in  
len g th , w ith  d iam eters of 5 0 - 7 0  am . T h e  y - A l /O j  grain  s iz e  is  
ap p rox im ately  2 - 3  n m  and C e  is  found to  be presen t a s  Ce * 
Î00S w ith in  the n an ow ircs. a l a  con cen tra tion  o f  <  1 at.% .
4 . S .  S e d - g t ' i â n - é m t h e m m i  t ; m e d f o r / m i k m  m e c h a m t m  o f  t h e  
Co-doped y-AhOj mnowires
A  ceriu m  nitrate u rea-assisted  s o l - g e l  tech n iq u e  h as prev io u s ly  
b een  ap p lied  to  p orou s alum ina tem p la tes  b y  W u e t  a l  (32|. 
throu gh  w h ich  th ey  ob ta in ed  cu b ic  flu orite C e O ; n an ow ires. 
In that w ork , a lth ou gh  not explicitly sta ted , th e p orou s alu m in a  
layer w a s  d etach ed  from th e  a lu m in iu m  substrate and  w as  
su b seq u en tly  e tch ed  to  w id en  th e p ores an d  perforate the 
h em isp h erica l, sca llo p e d  geom etry  situated  at the b o ttom  o f  
ea ch  pore. In ou r w ork , w e  h ave u tilized  the geom etry  o f  
substrate supported , o n e -s id e , o p en -en d ed  alu m in a  tem p la tes , 
in  ord er to  h ydrotherm ally  p ore  sea l during th e  s o l - g e l  p ro cess  
and  ob tain  C e-d o p ed  y - A lj O j  n an ow ircs . T h e  p rop osed  
form ation  m ech a n ism  o f  th e  C e-d o p e d  y  A B O , n an ow ircs  is  
d escrib ed  in the fo llo w  in g su b -sectio n s.
4 . 3 . 1 . H y d r o t h e r m a l  p o r e  s e a l i n g .  P orou s a n o d ic  a lu m in a  is  
con sid ered  to  b e gen era lly  am orp h ous a n d  h ave a co m p o s it io n  
w h ich  varies f io m  that o f  p ure A ljO j  (33. 3 4 ( . B o th  a n io n s  
from  th e c lec tr o lv le  and  h yd roxy l io n s  are incorporated  in to  
th e  am orp h ous an od ic  a lu m in a  structure (33(. X R !>  a n a ly s is  
o f  an od ic  f ilm s form ed  in  a nitric acid  h ave in d ica ted  that th e  
am orp h ous a lu m in a  w h k h  fo rm s re sem b les  a cubic ditdorted 
y - .k ljO j  and h yd ro x y l io n s  are iocorporaicd to form pssaido- 
b o eh m ite  ( A lO O H ) (34| H ydrotherm al pore seatin g  ca n  o cc u r  
in  w ater, w ater vap our o r  in  th is  c a s e ,  a  0 0 1  M  cer iu m  
nitraterurca so lu tio n  in  a m olar ratio o f  14 0 ,  h eated  and  stirred  
at 9 0  *C for 8 h . Jha e t  a t  em p lo y ed  d o u b ly  d istilled  w ater and  
p rop osed  that, d urin g th e  hydrotherm al p ore  sca lin g  p rocess , 
th e  w ater in  th e  p ores d is so lv e s  th e  am orp h ou s a lu m in a  to  form  
a p e l which, u p on  saturation , precip itates a s p se u d o -b o eh m ite  
or b oeh m ite  in sid e  th e  p ores (20| .  In th is  w ork , th e  p orou s  
an od ic  a lu m in a  tem p la te  is  not treated  in b o ilin g  w ater, but 
in stead  i s  und ergo in g  a  s im u lta n eo u s s o l - g e l  treatm ent in  order  
t o  in trod u ce C e  a s w e ll .
4 . 3 . 2 .  S o i ~ g e l  p r o c e s s .  T h e  s o l - g e l  p n x e s s  in v o lv e s  th e  
h y d ro ly sis  o f  a  precursor m o le c u le  in  so lu tio n  to  first o b ta in  
a su sp en sio n  o f  c o l lo id a l p articles (th e  s o l )  an d  th en  a  g e l  
com rsw ed  o f  ag g reg a te  s o l p articles ( 1 2}. T h e  h y d r o ly s is  
o f  co tton s ca n  b e  co n tro lled  by a  slow  re lea se  o f  h y d r o x id e  
sons in to  th e  m etal sa lt so lu tio n  T h is  w as a c h ie v e d  b y  
th e  d eco m p o sitio n  o f  an organ ic co m p o u n d , in  th is  c a s e
2 1 2
Kanmsciîacicigj' 21 (2 0 * # # % % Stînna&i ri a t
64
X
50
46
0 10 2 0 3 0  40 S0 60 70 6 0 9 0  100
Tmw
Fipurc 9. l îw te k tn  o l p li ëumag th« hy^érohïit rcsctitm
ürea. w h k h  ts  a  very w ea k  O nNiAod b a se , h ig h ly  so lu b le  
ia  w ater  aad its  h yd ro lj's is  can  b e  co o in d la d  b y  varying th e  
tem perature. D uring the d ccom jxw ition  o f  urea. C O j~  and  
O H  are p roduced , accom p an ied  b y  am in crease  in  th e  p H , 
lead ing  to  th e  p recip itation  o f  m eta l b a sic  carbon ates and  
h yd rox id es .
T h e  pH  iiK rease w ith tim e , a s the reart ion  p roceed s, is  
in d ica tive  o f  the h y d r o ly s is  kinetics and is  sh o w n  in  figure 9 .  
I i)u r d istin ct phases can  be described la  p h ase  I, the 
tem perature is  incnasiog to its staMc v a lu e o f  9 0 ^C. the 
pH h avin g  a con stant v a lu e  o f  5 .4 . {R eaction  tem peratures  
in th e  range o f  9 0 -1 0 0 '^ C  a llo w  th e  h y d r o ly s is  o f  u rea  at a 
h igh  rate J 3 5 | an d  hersce th is tem perature w a s u sed  during the 
reacfion  to  m a x im ize  p r ec ip ita iio o .| ( o llo w ia g  stafoili/adion  
at 9 0 "C. phase II is characterized by th e  h y d r o ly s is  o f  urea  
and th e pH  d rop pin g to  low  valttea. T h is  is  fo llo w e d  b y  a  
re lease  o f  (>H ~ H * a s e  H it  in  w h k h  th e h yd roxy l lo o s  react 
im m ediately  w ith  t i l  the tem p late p ore  w a lls  to  form  a q u o -  
h y d m x o  c « n p îe x e s  (intermediate s p e c ie s  for the p recip itation  
o f  a lu m in iu m  h y d ro x id e) and f i i )  w ith  th e  cer iu m  cmlkws 
w h k h  b ec o m e  iiK oip orated  into the alu m in iu m  hydroxide 
fev id e n tly  at sm a ll am ou n ts), f a l lo w in g  successful pore  
cloH jre. p recip itation  continues, and  a  cerium h yd rox id e film 
form s o n  top  o f  the A A O  tem p late. IT iise  IV  is  characterized 
b y  a  h ig h  rate o f  O H “ oM tsum ption th ig h  reaction  rate) and  
lead s to  a stable pH
W ith  regard to  th e  kinetics o f  A K K )H  prociprladon in s id e  
the tem p la te  ptsres d uring th e  ceriu m  nitrate s o lu tion  treatm ent, 
it shouM b e exp ected  that th is  occurs m ore rapklly than for  
con ven tion a l hydrtHhermal treadm enls in  w ater, due to  th e  
increased  anuxint o f  ava ilab le  O H  w h ich  a ss is ts  the reaction 
p ro cess , e xp ed itin g  the paviprtaticm  o f  .\K K )H .
T I.M  and S A I I )  a n a ly s is  h ave con firm ed  that the 
ca lc in a tion  p rocess  has resulted  in th e  p recip itated  A K X )H  
b ein g  transform ed in to  y -A IjO ^ . T h is is  in agreem en t w ith  
p rev iou s reports that y - A b O j  phaise fevm s upon  dehydration  
o f  A K K )H  at tem peratures b etw een  itX l and 7 0 9 “C  J15. 36J. 
C e ’ ’ io n s  from  th e 0 ,0 1  M  ceriu m  nitrate so lu tion  h a v e  b eco m e  
incorporated in to  th e  n anow ire structure.
4 . 3 J .  K f f t m t û m  < 4  f r e e - s t a n d i n g  C e - d h p e d  y - A t ^ O j  
n a n t n s i r r s .  T h e  S l-M  and T T M  m k ru grap b s in figu res 4  
an d  5  sh o w  that ex p o su re  to  1 M  N aO H  h as resu lted  in  th e  
p orou s an o d ic  a lu m in a  b e in g  d is so lv e d , y ie ld in g  free-stan d in g  
C e-dofxM  p -.A ljO j oaoow ircx . T h is  i s  c o n s ia c n t  w ith  the 
resu lts  o f  M ard ilov ich  e t  a i .  in  w h ich  they  sh o w  that 
i s  m u ch  m o re  stab le  to  ac id  an d  b a se  attack than an od ic  
am orp h ous a lu m in a  (3 8 { . T h ey  p rop ose  that the p resen ce  
o f  h yd roxy! groups in  th e  am orp h ou s an o d ic  a lu m in a  and  
sp e c ifica lly  a  structure w ith  a lu m in iu m  io n s  b o n d ed  to  tw o  
term inal h yd roxy l g ro u p t i s  m ore activ e  in  th e  c ie b ia g  p rocess , 
lea d in g  to  a  p oorer r e sW m c e  to  a c id s  and- b a se s.
4 . 3 . 4 .  S e h e m a t i e  r e p r v s e n l a t i t m  o f  C e - d r ^ p e d  y - A h O j  
n a m m i r e  f o m a S k m .  A  sch em a tic  d iagram  of th e  d ifferen t  
p ro ce ss  step s in th e  C e-d o p e d  y - A lz O i n an ow ire  form ation  is  
p resented  in figure 10. Prepared A AO tem p la tes  are im m ersed  
in  the 0 .01  M  ceriu m  nitrate:urea sxdution (1 :4 0  m olar ratio )—  
f igu re 10(a). H ydration  o f  th e  pore w a lls  leads to  th e  form ation  
o f  a q u o -h y d ro  co m p le x e s  w h ich  u p on  saturation  lead  to  th e  
p récip itation  o f  C e-co n ta io in g  a lu m in iu m  o x y -h y d r o x id e  (C e -  
A lO O H t w h ich  fills  the p ores and c a u se s  p ore  s e a l in g —  
figu re I (k b ) , fo l lo w in g , hydrotherm al p ore  sea tin g , ca lc in a tio n  
at 5 0 0 'C  for 6  h  (figu re IO»c)) lead s to  transform ation  o f  C e -  
A K K )H  to  C e-d o p ed  y - A b O i  (figu re  KK c)). i f c h in g  in  I M  
N a D H  a llow  s  th e  se le c t iv e  d isso lu tio n  o f  the am orpboux A ljO s  
tem p la te  and form ation  o f  free-stan d in g  C e-d o p e d  y  AI^Qx 
n an ow ircs— figure lO td).
4.4. lionding o f  C e  in t h e  C e - d o p e d  y-AhO j nanoHtres
T h e  1114v  resu lts  h ave sW w n  that C e  is  present in  the  
n an ow ircs a s  C e ’ * io n s . It w o u ld  b e  ex p ec te d  that th e  C e ’ * 
io n s are b ond ing  w ith  io n s  to  form  C c j O j . N tt th e  ex a c t  
lo ca tion  o f  the C c ’ * io n s  is  n ot ktKiw n. It m igh t b e  e x p ec te d  
that th e large d illi^ em re in  radius b e tw een  C e ’ * (1 .0 .54  Â )  
and  A l’ * tO Jil Â ) w o u ld  not lead  to  d irect su b stitu tio n , and  
h e n c e  th e  C e  io n s  m ay b e segrega tin g  t o  n m re en erg etica lly  
favou n d tle  grain  b oundary s ite s  w ith in  th e  ru n o cry sU B in c  
y -A I :O j  nanow ircs. H ow ever, su b stitu tion  o f  A l’ * b y  a  tare 
cauüt 3 - f  io n  c o u ld  o c c u r  i f  th ere is  a  su b stan tia l rearrangem ent 
o f  th e  nearest n eigh b ou r en v iron m en t to  prov id e  th e  n ecessary  
sp a c e  K ap lyan sk ii e t  a l  J 3 7 | h a v e  ob serv ed  th e  su c c e ss fu l  
incorporation  o f  rare earth 3 - f  ton s su c h  as T u ’ * . Tz’ * . Pr’ * . 
v ia  a s o l - g e l  tech n iq u e, in a  d istorted  y - A l j O j  la ttice  and  a fter  
aooca lim g tdtox e  9 0 0  a ls o  in  *  A b f h .
4 . 5 .  F u r t h e r  d e v e l o p m e n t  e f  t h e  s o l - g e l / f t y d n n h e r m a l  p o r e  
s e a l i n g  m e t h o d
T h e  d escrib ed  sy n th es is  tech n iq u e ca n  b e  e x p lo ite d  further to  
csbtain a  range o f  tech n o lo g ica lly  in terestin g  m etal A  d o p e d  
m eta l IÏ o x id e  n an ow ircs w ith  dilTercnt co m p o s it io n s  and  
structures throu gh  v w y in g . th e  m etal sa lt A  ( i .e .  d o p in g  w ith  
sxh er rare earth  e lem en ts  su ch  a s  A", l a ,  G d . N d ). the m eta l sa lt  
con cen tra tion  (e .g . I . 3 . 5  at.% ). th e  m eta l II o x id e  tem p la te  
m ateria l ( e  g . titan ia) and a ls o  th e  an n ea lin g  p rrv e ss  to  ob tain  
d ifferen t crysu lk > graph ic form s o f  th e  m eta l R o x id e  su c h  as  
& -  and  a - A b f h  or analave. b rook ite  an d  rutile tT iO :)
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Figure 1 0 .11«i vkw  and cn>*s-»«<tk*ft schcmask rcprcscutat»>nis o f the foimatson t>f Cc d c ^ d  y-AljO? i»a*w3«* ir« ;  fa) prcpaKd AAO 
templates: (b) im m cokm  of the AAO template it» 0.01 M cenum  nisatc uica solution f ! ;40 molaa ratio) k id s  to  hydration o f  the ansotphous 
AI:f>? p£3tx wallj. which upc4» saturatMc» ic ttd u  in fcematioi» o f Cc-containmg aiutnimtan oxy-hydroxide IAKX>H ) and pore scaJiag;
<c) cakinaüiw» allow s cry staltiwitsott of Cc-AKKMI fc> Cc-doped y -A ljf) ,; I'd) tcfeetsvc dissolutkiit, o f Use amorphous AAO allow t  forsnatioo 
o f  free atamdmg Cc-dopcd y-AkO* nanow ire*.
4 . 6 .  A u z iM f  a p p l k a l i o m  o f  C e - d t f p e d  y - A i j O s
M ost industria} cz la îy sU  co&siîrt of a c tiv e  cen tres  anchored  
o a  tran sition  a lu m in as d u e  to  th e  h ig h  p orosity , su rface  
area, m ech an ica l stren gth  an d  thermal s ta b ility  at m oderate  
tem jvratu res. A t h ig h  tem perature ca ta ly tic  reaction s  
I ItiOGl-1 4 0 0 * 0  th e  tran sition  from  y  A b O ;  to  or -A ljO i 
l e ^ s  to  a co n s id era b le  rod u ctioo  of th e  su rface  area ca u s in g  
d egen eration  o f  I h e ca la ly lic  a ctiv ity . V :a iou s w ork s h a w  
estab lish ed  th e  d ep en d en cy  b etw een  th e  tran sition  tem perature  
o f  a lu m in a  and th e  su rface  area retention  w ith  th e  ion ic  
s iz e  o f  th e  rare earth  d op an t Î I -  2 . 4J. K um ar e i  a !  {4j 
dem on strated  that a lu m in a  co n ta in in g  p red om in an tly  C c ’ * 
( io n ic  radius I 0 3 4  .A) e x h ib its  a  h igh er  su rface  area and  
transform ation  tem perature com p arW  t o  Ce"** (ton ic  radius  
0.92 .A). T lie  d ifferen tia l scan n in g  calorimetry (D S C I  
transform ation tem perature corresp on d in g  to  the transition  
to  a -A ly O j  increased b y  IOO“C  in  th e  c a s e  o f  C e ’ * -d oped  
y - A lj O j .  H e n c e , it sh ou ld  b e  expected that C e ’ * -d oped  
y -.A ljO j nanow ires can  b e  u tilized  a s  a  sta b le  ca ta ly st support  
for  h igh  tem perature ca ta ly tic  reaction s.
f in a lly , th e  a p p lica tion  o f  p ost-treatm en ts o n  n an ow ires  
can  k a d  to  a n um ber o f  m eta l and p rec iou s m etal 
supp^Mled ca ta ly sts  v ia  im p regnalitx i m eth o d s (e .g  R h. f t .  
l e  supported o n  C e-d o p ed  y - A f O i  n anow ires). C e-d o p ed  
alu m in a  n an ow ires (su p p o rt) can  h e  d ecorated  w ith  a  su itab le  
active  m eta l y * a se  w h ich  can  cn h a iK e in d u str ia lly  im portant 
reaclk m s. An ex a m p le  o f  su ch  a fam ily  o f  reaction s is  the 
steam  reform in g o f  a lip h atic  and  arom atic m o le c u le s , u sed  in  
th e purification  o f  gas stream s and hydrogen  production. It has 
been show  n that th ese  reaction s ca n  he facilita ted  by C e-d op ed  
a lu m in a  (in  the fon t) o f  pow der» supported l  e  c a ta ly sis  |3 9 )
5 .  C o n c l i t s ia iv s
(a) A n ovel so l-g e l/h y d r r th erm a l m eth od  has b een  e m p lo y e d  
to  sy n th es iz e  C e -d o p e d  y  AIzO) n an ow ire^  The 
nanow  ircs h ave been sy n th es iz ed  in  an  A A O  tem p la te  v ia  a  
HKthod in vo lv in g  a  0 ,01  M  ce r iu m  nitratcm rea so lu tio n  at  
a  m olar ratio  o f  1:40  fo llo w e d  b y  ca lc in a tio n  at 5 0 0 ° C  for  
5  h. T h e  n an ow ircs w ere  up to  ten s  o f  m icron s in  len g th , 
w ith  d iam eters o f  5 0 - 7 0  a m  and ex h ib ited  a  p - A l jO j  
grain  s iz e  o f  2 - 3  nm . C c  w a s  in corporated  w ith in  th e  
n an ow ire  in  a 3 - f  ox id a tio n  sta te and  w a s  presen t at a  
con cen tra tion  o f  <  I a(.% .
(b )  T h e  ch e m ic a l p ro ce sse s  lead in g  to  the formation o f  C e-  
d o p ed  y - A h O j  «an ow iros h a v e  been fu lly  d escrib ed . 
H yd n xh erm al p ore sea lin g  o f  th e  ceriu m  nitrate s o l  
so lu tio n  lead s to  th e  form ation  o f  C e -d o p e d  A I(X >H . 
w h ich , u pon  calcination, is. tran sform ed  into C e-d o p ed  
y - A t jO j .  e tc h in g  im I M  N aO H  p referen tia lly  d is s o lv e s  
th e  am orp h ous an od ic  a lu m in a  tem p la te  le a v in g  free  
stan d in g  C e-d o p ed  y -A b C )j  n anow  ires.
( c )  A  n an o cry sta llia e  C eO j th in  film  w a s a ls o  d e p x tite d  o n  
to p  o f  th e  A A O  tem p late. T h is  la y e r  h ad  a  c u b ic  flu orite  
structure and average grain  s i / e  6 - 7  n m .
(d )  With y  A l;0 , b e in g  one of th e  mo$l important a lu m in a  
phases for  ca ta ly t ic  applications, the sy n th e s iz e d  C e  
d o p ed  n an ow ircs  arc cxp o cted  to  h a v e  im p roved  n o v e l 
p roperties and  p oten tia l a p p lica tion s in  ca ta ly s is .
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